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SUMMARY 

An exper imenta l   inves t iga t ion   has   been   conducted   to   de te rmine  the  drag  and 
hea t ing - ra t e   pena l t i e s   a s soc ia t ed  w i t h  wavy su r faces   t yp ica l   o f   cu r ren t   co r ruga ted  
p l a t e   des igns   fo r   t he rma l   p ro t ec t ion   sys t ems .  Tests were conducted   in   the   Langley  
Unitary  Plan wind tunne l  a t  Mach numbers of 2 .4  and 4.5 and a t  uni t   Reynolds  num- 
bers of  3.3 x IO6 per  meter and 10 x IO6 per  meter. Both t h i c k  a n d   t h i n   t u r b u l e n t  
boundary  layers  were obtained by respec t ive ly   mount ing   the  t e s t  p l a t e   i n   t h e   t u n -  
n e l  wall and i n  a s p l i t t e r   p l a t e   l o c a t e d   i n  the  cen te r   o f  the tunne l  stream. For 
each tes t  condi t ion ,   p ressures   and   tempera tures  were measured  with t h e  co r ruga t ions  
a t  cross-flow  angles  from Oo t o  90° t o  the f l o w .   I n   a d d i t i o n ,   o i l - f l o w   p a t t e r n s  
were obtained a t  a few tes t  cond i t ions .  

Resul t s  show t h a t  f o r  cross-f low  angles   of  30° or less, the p res su re   d rag  
c o e f f i c i e n t s  are less t h a n   t h e   l o c a l   f l a t - p l a t e   s k i n - f r i c t i o n   c o e f f i c i e n t s   a n d  
are n o t   s i g n i f i c a n t l y   a f f e c t e d  by Mach number,  Reynolds  number, o r  boundary-layer 
t h i ckness   ove r   t he   r anges   i nves t iga t ed .  For  c ros s - f low  ang le s   g rea t e r   t han  30°,  
t h e  d r a g   c o e f f i c i e n t s   i n c r e a s e   s i g n i f i c a n t l y  w i t h  cross-f low  angle   and  increase 
moderately w i t h  Reynolds  number.   Increasing  the Mach number r e s u l t s   i n  a s i g n i f i -  
can t   r educ t ion   i n  t h e  p re s su re  drag c o e f f i c i e n t s .  Mach number and  cross-flow 
angles   have t h e  most s i g n i f i c a n t  e f fec t  on the  d r a g   c o e f f i c i e n t s .  The average  and 
peak h e a t i n g   p e n a l t i e s  due t o  the co r ruga ted   su r f ace  are small fo r   c ros s - f low 
ang les   o f  IOo  o r  less b u t  are s i g n i f i c a n t l y  higher f o r  larger cross- f low  angles .  
Mach number and Reynolds number changes  have a small e f f e c t  on the   average   hea t ing  
rates,  and t h e  Reynolds number has a small e f f e c t  on t h e  peak  heat ing ra tes .  For 
the large  cross-f low  angles ,   however ,   the   higher  Mach number r e s u l t s   i n   s u b s t a n -  
t i a l l y   h i g h e r  peak hea t ing  ra tes .  The measu red   hea t ing   r a t e s   co r re l a t e   r ea sonab ly  
well w i t h  p rev ious ly   pub l i shed   r e su l t s   a l t hough   t he  wave forms  of t he  co r ruga t ions  
are s i g n i f i c a n t l y   d i f f e r e n t .  For small cross-f low  angles ,   the   f low  remains 
a t t a c h e d   t o  t he  c o r r u g a t i o n s ;   b u t   f o r   a n g l e s   o f  30° or  g r e a t e r ,   t h e   f l o w   s e p a r a t e s  
from the  corrugation  downstream  of t he  c r e s t   a n d   r e a t t a c h e s  on t h e  upstream  face 
of   the   next   cor ruga t ion .  

I N T R O D U C T I O N  

I f   t r anspor t a t ion   o f   s c i en t i f i c   equ ipmen t   and  hardware t o  low Ear th  o r b i t  i s  
t o  become economical ,   future   space  t ransportat ion  systems  must  become f u l l y   r e u s -  
ab le ,  have a long l i f e ,  and  have  low o p e r a t i n g   c o s t .   ( S e e   r e f s .  1 and 2 . )  Because 
of  the extreme  environment  encountered by space t r a n s p o r t s ,   t h e  thermal p r o t e c t i o n  
system  plays a s i g n i f i c a n t   r o l e   i n   e s t a b l i s h i n g   r e u s a b i l i t y ,  l i f e ,  and ope ra t ing  
c o s t .  One promis ing   thermal   p ro tec t ion   sys tem  for   such  a v e h i c l e   c o n s i s t s   o f  
beaded or  corrugated metallic pane l s  tha t  c a n   m a i n t a i n   s t r u c t u r a l   i n t e g r i t y   u n d e r  
the  expected  high  aerodynamic  heat ing  loads.   (See refs. 3 and 4 . )  Although  from 
a s t r u c t u r a l   s t a n d p o i n t  it is  u s u a l l y  desirable t o   a l i g n  the co r ruga t ions   w i th  the 
flow d i r e c t i o n ,   l o c a l   f l o w   c o n d i t i o n s  may r e s u l t   i n  the co r ruga t ions   be ing  yawed 
t o  the mean f low  direct ion.   Consequent ly ,  t he  addi t iona l   thermal   and  drag penal- 
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t ies  r e s u l t i n g   f r o m   f l o w   a c r o s s   t h e   c o r r u g a t e d   s u r f a c e  must be de te rmined   to  
adequate ly   des ign   and   eva lua te   such  metallic systems. 

An exper imenta l   inves t iga t ion   has   been   conducted   to   de te rmine   the   loca l   hea t -  
i n g  rates a n d   p r e s s u r e   d i s t r i b u t i o n s  on a co r ruga ted   su r f ace   w i th  a wave form  typ- 
i ca l  o f   c u r r e n t  metallic thermal   p ro tec t ion   sys tems (refs. 5 and 6 ) .  Tests were 
conducted   in   the   Langley   Uni ta ry   P lan  wind tunne l  a t  Mach numbers of 2.4 and 4.5 
and a t  unit   Reynolds  numbers  of 3 . 3  X lo6 per  meter and 10 x lo6 per  meter. The 
co r ruga ted   su r f ace  was exposed   t o   bo th   t h i ck   and   t h in   t u rbu len t   boundary   l aye r s  
obtained by respect ively  mounting  the t e s t  p l a t e   i n   t h e   t u n n e l  wall and i n  a 
s p l i t t e r   p l a t e   l o c a t e d   i n   t h e   c e n t e r  of t he   t unne l  stream. For each test condi- 
t ion,   measurements were made w i t h  the   co r ruga t ions  a t  cross-f low  angles   f rom Oo 
t o  90° t o   t h e   f l o w .   I n   a d d i t i o n ,   o i l - f l o w   p a t t e r n s  were obtained a t  a few tes t  
cond i t ions .  
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SYMBOLS 

p res su re  drag c o e f f i c i e n t  

p r e s s u r e   c o e f f i c i e n t ,   ( p l  - p,)/q, 

h e a t - t r a n s f e r   c o e f f i c i e n t ,  W/m2-K 

a v e r a g e   h e a t - t r a n s f e r   c o e f f i c i e n t ,  W/m2-K 

f l a t - p l a t e   h e a t - t r a n s f e r   c o e f f i c i e n t ,  W/m2-K 

maximum h e a t - t r a n s f e r   c o e f f i c i e n t ,  W/m2-K 

wavelength  of   corrugat ions ( f i g .  2 ) ,  cm 

free-stream Mach number 

l o c a l   p r e s s u r e ,  P a  

free-stream pres su re ,  Pa  

f ree-s t ream dynamic pressure, Pa 

unit  Reynolds  number,  per meter 

v e l o c i t y ,  m/sec 

f r ee - s t r eam  ve loc i ty ,  m/sec 

d i s t a n c e  measured t r a n s v e r s e   t o   c o r r u g a t i o n s   ( f i g .  3 ) ,  cm 

dis tance  measured  normal   to  model surface, cm 

boundary-layer   thickness ,  cm 



boundary-layer   displacement   thickness ,  cm 

maximum wave ampl i tude   o f   cor ruga t ions  ( f i g .  21, cm 

momentum t h i c k n e s s ,  cm 

cross- f low  angle  ( f i g .  21,  deg 

APPARATUS AND TESTS 

Models 

A photograph  of the  test panel  mounted i n  the cen te r   o f  a large c i r c u l a r  
p l a t e  is shown i n   f i g u r e  1 .  The co r ruga t ions   bes ide   and  the  ex tens ions   ups t ream 
o f  the  test p l a t e  act  as f a i r i n g s   t o   m i n i m i i e  the edge effects.  The large c i r c u -  
l a r  p l a t e   i n c l u d i n g  the  test  panel  and the  f a i r i n g s   c a n  be mounted i n  a s p l i t t e r  
p l a t e   i n  the  cen te r   o f   t he   t unne l  stream t o   o b t a i n  a th in   t u rbu len t   boundary   l aye r  
over t he  test s u r f a c e  or i n  t he  tunne l  wall t o   o b t a i n  a t h i c k  turbulent   boundary 
l a y e r .   I n  ei ther l o c a t i o n ,  t h e  c i r c u l a r   p l a t e   c a n  be ro ta ted   remote ly   dur ing  t h e  
tests t o   o b t a i n   f l o w  a t  v a r i o u s   c r o s s - f l o w   a n g l e s   t o  t h e  co r ruga t ions .  

A deta i l  sketch of  the c i r c u l a r   p l a t e   a n d  test panel  is shown i n   f i g u r e  2 .  
The tes t  panel  is 30.48 cm by 31.85 cm and is  composed o f  a series of  c i r c u l a r -  
arc segments  connected by s t r a igh t - l i ne   s egmen t s  as shown i n  view AA. The cor ru-  
ga t ions   have  a p i t c h  of 8.01 cm and  an  amplitude that  is 10 percent   o f  t h e  p i t c h .  
The contour   o f  the l ead ing -edge   f a i r ings  is shown i n  view BB. Two models were 
used i n  the  tests: one  instrumented  for   pressure  measurements   and  one for heat -  
t ransfer   measurements .  The p res su re  model was machined  from  aluminum plate  and 
was attached t o  t h e  c i r c u l a r  plate by a s t ra in-gage   ba lance .  A gap w i d t h  o f  
approximately 0.05 to   0 .08  cm was maintained  around the per iphery   o f  the test  
panel .  The s t ra in-gage  balance  a t tachment   and the gap around the per iphery   o f  
t h e  test panel  resul ted from  an  unsuccessful attempt t o  measure t h e  t o t a l   d r a g  
o f  t h e  test panel .  The h e a t - t r a n s f e r  model was formed  from a 0.05-cm-thick sheet 
o f  Ren6 41  mounted so t h a t  t h e  gap  between t h e  leading  and s ide edges o f   t h e  test  
model  and t h e  r e c t a n g u l a r   c u t o u t   i n  t he  c i r c u l a r   p l a t e  was nominally  zero  and a 
gap  of  0.08 cm was maintained a t  the  t r a i l i n g  edge t o   p e r m i t  thermal expansion. 

Ins t rumenta t ion  

P res su re  model.- I n  t h e  p re s su re  tests, 74 p r e s s u r e   o r i f i c e s  were used. The 
p r e s s u r e ~ m o d e l  had 62 o r i f i c e s   i n s t a l l e d   i n   t h e   p l a t e   s u r f a c e  a t  l o c a t i o n s  shown 
i n   f i g u r e  3: 31 i n  each o f  2 rows t h a t  extended  over 2 complete wave c y c l e s .  The 
x- loca t ion  (see view AA) o f   e a c h   s u r f a c e   o r i f i c e  is l is ted i n  table I. I n  addi-  
t i o n ,  12 s u r f a c e   o r i f i c e s  were i n s t a l l e d   i n   t h e   c i r c u l a r   p l a t e   u p s t r e a m   o f  t he  
test model: 6 a long  t h e  crest o f  1 c o r r u g a t i o n   ( o r i f i c e   n o s .  69 t o  74)  and 6 
a long  a f l a t  ( o r i f i c e   n o s .   6 3   t o   6 8 ) .  

The o r i f i c e s   i n   b o t h  the c i r c u l a r   p l a t e   a n d  t h e  test model were connec ted   t o  
a pressure   scanning   un i t   which   a l lowed  pressures   f rom up t o  31 o r i f i c e s   t o   b e  con- 
secut ive ly   sensed  by a s i n g l e   t r a n s d u c e r .  The t r ansduce r s  had a maximum range of 
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34.5 kPa abso lu te  and were a c c u r a t e   t o   w i t h i n  k0.5 percen t  of the  maximum range.  
Pressure  measurements were t aken   s equen t i a l ly  a t  the  rate of   approximately 1 per  
second;   thus  approximately 31 seconds was r e q u i r e d   t o   o b t a i n  a complete   pressure 
d i s t r i b u t i o n .  The p r e s s u r e   o r i f i c e s  were connec ted   t o  t he  s c a n n e r   u n i t  by th in -  
wall s t a i n l e s s  s tee l  tub ing ,  0.15 cm i n   o u t s i d e  diameter. 

Heat-transfer  model.- The hea t - t r ans fe r  model had a t o t a l   o f  30, no. 30 gage 
iron-constantan  thermocouples  spot welded t o  the back side o f  t h e  su r face .  The 
thermocouples were l o c a t e d   i n  a s t ra ight  l i n e   n e a r   t h e   c e n t e r   o f  t he  p l a t e   a n d  
extended  across  t h e  two c e n t e r   c o r r u g a t i o n s  as shown i n   f i g u r e  4. The leads o f  
t h e  thermocouples were i n d i v i d u a l l y   s p o t  welded t o  the p l a t e   s u r f a c e  w i t h  the con- 
t ac t  poin ts   approximate ly  0.3 cm a p a r t  on a l i n e   p a r a l l e l   t o  t h e  co r ruga t ion  
c r e s t s .  The x- loca t ion   of  each thermocouple i s  l i s t e d  i n  table 11. 

Boundary-layer rake.- Boundary-layer  surveys were obta ined  on the s p l i t t e r  
p l a t e  w i t h  a f l a t  s u r f a c e   i n s t a l l e d .  The surveys  were obtained  near  t h e  c e n t e r  
of  t he  t es t  area us ing  the  survey rake shown by t h e  sketch i n   f i g u r e  5 .  The rake 
assembly  contains  three to t a l   p re s su re   p robes   and   can  be  moved approximately 
2.6 cm away from the s p l i t t e r   p l a t e   s u r f a c e  by remote   cont ro ls .  A l i n e a r   p o t e n t i -  
ometer  and a d i g i t a l  vo l tmeter  were used t o   i n d i c a t e  t h e  pos i t i on   o f  t h e  rake. 
The bottom  probe on t h e  rake was f l a t t e n e d  so  t h a t  measurements  could be made 
c l o s e   t o  t h e  wall. An i n t e r n a l   s l o t  w i d t h  of  0.013 cm was main ta ined   in  t h e  f l a t -  
tened  tube.  

F a c i l i t y   a n d  Tests 

Tests were conducted  in   both t h e  low- and high-speed tes t  s e c t i o n s   o f  the 
Langley  Unitary  Plan  wind  tunnel a t  Mach numbers of 2.4 and 4.5. The low- and 
high-speed tes t  sec t ions   have   con t inuous ly   va r i ab le  Mach numbers  from 1.6 t o  2.86 
and  from 2.3 t o  4.65, r e s p e c t i v e l y .   F u r t h e r   d e s c r i p t i o n   o f  t h e  wind tunnel  is 
g i v e n   i n   r e f e r e n c e  7 .  

P res su re -d i s t r ibu t ion ,   hea t - t r ans fe r ,   and   o i l - f low tests were conducted  dur- 
i n g  t h i s  i n v e s t i g a t i o n .  Each o f  t he  tes ts  was conducted   separa te ly   to   p rec lude  
interference  between  measurements.  A summary of  t h e  t es t  condi t ions  and  types  of  
tests conducted is g i v e n   i n  table 111. Tests w i t h  a th in   boundary   l ayer  were con- 
duc ted   i n  the  low-speed test s e c t i o n  a t  a Mach number of 2.4 w i t h  the model i n  a 
s p l i t t e r   p l a t e .  The s u r f a c e  of t he  sp l i t t e r  p l a t e  was p i t ched  a t  a compression 
ang le   o f  at tack t o  t h e  stream of   approximately 1.5O t o   ma in ta in   un i fo rm  supe r son ic  
f low  condi t ions  beneath t h e  p l a t e .  The tes ts  w i t h  a th ick   boundary   l ayer  were con- 
ducted w i t h  the  models  mounted i n  the tunnel  wall of   the  high-speed test s e c t i o n  
and a t  Mach numbers o f  2.4 and 4.5. Test Reynolds  numbers  of 3.3 x IO6 per meter 
and 10 x IO6 per  meter were o b t a i n e d   i n  each test sect ion.   Heat ing-rate   measure-  
ments were obta ined   on ly   for  t he  model  mounted i n  t he  tunne l  wall and  thus  under 
a t h i c k  boundary  layer.   Boundary-layer  surveys were made only on t h e  s p l i t t e r  
p l a t e   s i n c e  wall boundary-layer  surveys had been made previous ly .  

For the p res su re -d i s t r ibu t ion   and   o i l - f low tests, measurements were taken 
soon after t e s t  c o n d i t i o n s  were e s t a b l i s h e d .  For t he  h e a t - t r a n s f e r  t es t s ,  t h e  
t es t  sequence was as fo l lows .  The tunnel  was btarted and  run  for   approximately 
1 hour t o   s t a b i l i z e  t h e  temperature   of  t h e  tunne l  walls and t h e  stream. Then the  
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flow was d iver ted   th rough a coo le r  which rapidly  reduced the  t o t a l   t e m p e r a t u r e   o f  
t he  stream and the t empera tu re   o f   t he   t h in  model s u r f a c e .  The flow was then redi- 
verted  and the  t o t a l   t e m p e r a t u r e   o f  t he  stream i n c r e a s e d   r a p i d l y   t o   g i v e  a heat 
pulse .  The heat p u l s e   t y p i c a l l y   c o n s i s t e d   o f  a rise i n   t o t a l   t e m p e r a t u r e   o f  
approximately  65 K i n  8 seconds,  a s  i n d i c a t e d   i n   f i g u r e  6 where t y p i c a l   t o t a l  
and sur face   t empera tures  are shown. Temperature  measurements were recorded  every 
0.5  second  for  45 seconds af ter  the  beginning of t h e  heat pu l se .  

Heat-Transfer Data Reduction 

H e a t - t r a n s f e r   c o e f f i c i e n t s  were ob ta ined   f rom  t r ans i en t  sk in  temperatures  
resu l t ing   f rom a s t ep -wise   i nc rease   i n  the  s tagnat ion   tempera ture  as  d iscussed  
p rev ious ly .   Ca lcu la t ions  were made when the t o t a l   t e m p e r a t u r e  first became s table .  
The da ta  were reduced t o   c o e f f i c i e n t  form by assuming  constant   temperature   through 
the sk in   t h i ckness   and   accoun t ing   fo r  l a te ra l  h e a t   f l o w   t r a n s v e r s e   t o   t h e   c o r r u g a -  
t i o n s .  The heat f l o w   t o  t he  model i n t e r i o r ,  t he  heat l o s s  due t o   r a d i a t i o n ,   a n d  
the la teral  heat flow paral le l  t o  t h e  co r ruga t ions  were neglec ted .  A more detai led 
d iscuss ion   of  the h e a t - t r a n s f e r  data reduct ion  technique is g iven   i n   r e f e rence   7 .  

RESULTS AND DISCUSSION 

Typ ica l   boundary - l aye r   ve loc i ty   d i s t r ibu t ions   ob ta ined  on a f l a t  s u r f a c e   i n  
both t h e  s p l i t t e r   p l a t e  and the  tunne l  wall are shown i n   f i g u r e  7 .  The data on 
t h e  spl i t ter  p l a t e  a t  M, = 2.4 were obtained  during t h e  p r e s e n t   i n v e s t i g a t i o n .  
The data on the  tunne l  wall a t  M, = 2.86 were obtaine 'd   during  an  unpubl ished 
i n v e s t i g a t i o n  similar t o  that  r e p o r t e d   i n   r e f e r e n c e  8. The boundary-layer  thick- 
n e s s  (based on U/U, of   approximately 0.99) on the spl i t ter  plate  and on the wall 
was approximately 2.5 cm and  12.7 cm, r e s p e c t i v e l y .  Neither Reynolds number nor  
Mach number changes   for  t h e  range   of  t h i s  i n v e s t i g a t i o n   s i g n i f i c a n t l y  altered the 
boundary-layer   thickness  or  v e l o c i t y   d i s t r i b u t i o n .  

During t h i s  i n v e s t i g a t i o n ,  a cons ide rab le   quan t i ty   o f  data was obta ined .  
However, only a l imi t ed  number of  the p r e s s u r e   a n d   h e a t i n g - r a t e   d i s t r i b u t i o n s  are 
p l o t t e d   t o  show typ ica l   t r ends   and   f l ow phenomena; a c o m p l e t e   l i s t i n g   o f  the  pres- 
s u r e   a n d   h e a t - t r a n s f e r   c o e f f i c i e n t s  is g i v e n   i n  tables I V  t o  V I I .  I n  tables I V  
t o  V I ,  p r e s s u r e   c o e f f i c i e n t s  Cp are g i v e n   f o r  each p r e s s u r e   o r i f i c e   f o r   f l o w  a t  
var ious   c ross - f low  angles  A t o  the cor ruga t ions :  table I V  is f o r  M, = 2.4  
and 6 = 2.5 cm, table  V is f o r  M, = 2.4 and 6 = 12.7 cm, and table V I  is f o r  
M, = 4.5  and 6 = 12.7 cm. I n  table VII, h e a t - t r a n s f e r   c o e f f i c i e n t s  h are given 
a t  each  thermocouple   locat ion  for   f low a t  v a r i o u s   a n g l e s   t o  t he  co r ruga t ions .  

P r e s s u r e   D i s t r i b u t i o n s  

Pressure  measurements were made over two corrugat ion  wavelengths  a t  two loca-  
t i o n s  on t h e  test  panel .  (See f ig .  3 . )  P r e s s u r e   c o e f f i c i e n t s   f r o m  the  two loca-  
t i o n s  d i f fe r  by up t o   8 0   p e r c e n t   f o r  the th in   boundary   l ayer   and  A = 45O. Flow 
d i s t o r t i o n s  due t o  t h e  t r a n s i t i o n   u p s t r e a m   o f   t h e  test panel  from a f l a t  p l a t e   t o  
a corrugated  surface  probably  caused these d i f f e r e n c e s   i n   p r e s s u r e .   S i n c e  the  
downstream row o f   o r i f i c e s  is farthest from the l ead ing  edge, f l o w   d i s t o r t i o n s  
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should  have a minimum e f f ec t   a t  tha t  l o c a t i o n ;   t h u s ,  the  p r e s s u r e   c o e f f i c i e n t s  
measured a t  the  downstream l o c a t i o n   ( o r i f i c e   n o s .  32 t o   6 2 )  are u s e d   f o r   f u r t h e r  
d i scuss ion .  

Effects of  boundary-layer  thickness.-  The effects  of  boundary-layer thick-  
n e s s  on t h e - p r e s s u r e   d i s t r i b u t i o n s  are shown i n   f i g u r e  8 for  M, = 2.4  and 

~~ - ~ _ _  .- 

R = 10 x lo6 per  meter. P r e s s u r e   d i s t r i b u t i o n s  are presented for a t h i n  
(6 = 2.5 cm) and a t h i c k  (6 = 12.7 cm) turbulen t   boundary   l ayer   and   for   f low a t  
Oo,  15O, 300,  and 45O t o   t h e   c o r r u g a t i o n s .  The C va lues  shown f o r  t h e  2.5-cm 
boundary  layer   have  been  adjusted  to   account  f o r  tRe 1.5O ang le   o f  attack a t  
which t h e  measurements were made. The good  agreement  of t he  data shows t h a t  t he  
boundary-layer   thickness  has only a small effect  on t h e  Cp d i s t r i b u t i o n s .  

For A = Oo ( f ig .  8 ( a ) ) ,  t he  Cp va lues  are approximate ly   zero .   For  
A > 00 ( f igs .  8 ( b ) ,  8 ( c ) ,  and 8 ( d ) ) ,  v a r i a t i o n s   i n  Cp were obta ined  which are 
s l i g h t l y   o u t   o f   p h a s e  w i t h  the co r ruga t ions .  The maximum values   occur   upstream 
o f  t he  co r ruga t ion  crests and the  minimum va lues   occu r  on the  downstream side o f  
t he  co r ruga t ion  crests. F u r t h e r ,  the  Cp va lues   i nc rease   i n   magn i tude  as A 
i n c r e a s e s   t o  45O. For A = 300 and 4 5 O ,  t h e  va lues  are nea r ly   cons t an t  on 
a po r t ion  of t he  downstream side o f  the  ions  and on the f la t s .  T h i s  pla- 
t e a u   i n  the  Cp d i s t r i b u t i o n   s u g g e s t s  t he  p o s s i b i l i t y   o f   f l o w   s e p a r a t i o n  which 
is discussed  subsequent ly .  

Effects of  Reynolds number.- The effects of  Reynolds number  on t h e  pres-  
s u r e   d i s t r i b u t i o n s  are shown - i n   f i g u r e  9 fo r   fou r   c ros s - f low  ang le s  w i t h  
6 = 12.7 cm and 

6 Mw 
= 2.4.  Data are shown f o r  R = 3.3 x lo6  per meter and 

f o r  R = 10 x 10 per meter. This  va r i a t ion   i n   Reyno lds  number had l i t t l e  effect  
on t h e  p r e s s u r e   d i s t r i b u t i o n s  o r  the l o c a t i o n  where t h e  maximum and minimum pres-  
s u r e   c o e f f i c i e n t s   o c c u r .  T h i s  r e s u l t  agrees w i t h  o ther   exper imenta l   and   theore t -  
ical  i n v e s t i g a t i o n s   p u b l i s h e d   i n  the l i t e r a t u r e .   ( S e e ,   f o r   e x a m p l e ,  refs.  9 
and IO.) 

Effects o f  Mach number.- _ _  P r e s s u r e   d i s t r i b u t i o n s   o b t a i n e d  a t  Mach numbers o f  
2.4  and 4.5 are compared- in   f igure  10 f o r  6 = 12.7 cm and R = 10 x lo6 per  
meter. As shown i n -  t he  f i g u r e ,  Mach number does   no t   s ign i f i can t ly   change  t h e  
basic shape of  t he  p r e s s u r e - d i s t r i b u t i o n   c u r v e s   a l t h o u g h  the  l o c a t i o n s   o f  t h e  
maximum and minimum p r e s s u r e   c o e f f i c i e n t s  s h i f t  s l i g h t l y .  However, f o r  A > O o ,  
Mach number has a s i g n i f i c a n t  effect  on the  magnitude  of t he  p r e s s u r e   c o e f f i -  
c i e n t s .   I n c r e a s i n g  M, f rom  2.4  to   4 .5   reduces t h e  p r e s s u r e   c o e f f i c i e n t s  by 
more than  50 pe rcen t .  The large r e d u c t i o n   i n  Cp w i t h  i nc reas ing  Mach number 
agrees w i t h  r e s u l t s   p r e s e n t e d   i n   r e f e r e n c e s  11 and  12   for   cor ruga t ions  w i t h  simi- 
lar r a t i o s  of ampl i tude   t o  p i t c h .  The lower   p re s su re   coe f f i c i en t s   ob ta ined  a t  
t h e  higher Mach number sugges t  tha t  the  pressure drag c o e f f i c i e n t s  may a l s o  be 
s i g n i f i c a n t l y   l o w e r .  

P res su re  Drag 

Drag c o e f f i c i e n t s  CD obtained by i n t e g r a t i n g  the  p r e s s u r e   c o e f f i c i e n t s  
over t h e  co r ruga ted   su r f ace  are presented as a f u n c t i o n   o f   c r o s s - f l o w   a n g l e   i n  
f i g u r e s  l l ( a )  and l l ( b )  f o r   t h i n   a n d  th i ck  turbulen t   boundary   l ayers ,  respec- 
t i v e l y .  Data are g i v e n   f o r  M, = 2.4 a t  R = 3.3 x lo6 per  meter and f o r  
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M, = 2.4 and 4.5 a t  R = 10 x IO6 per  meter. For A 2 30°, t h e  p re s su re  drag 
c o e f f i c i e n t s  are less than  t h e  l o c a l   f l a t - p l a t e   s k i n - f r i c t i o n   c o e f f i c i e n t s   g i v e n  
by r e fe rence   13  and are n o t   s i g n i f i c a n t l y  affected by v a r i a t i o n s   i n  Mach number, 
Reynolds  number, or boundary-layer   thickness .  For 2 45O, the  drag c o e f f i c i e n t s  
are s i g n i f i c a n t l y  higher  than the  f lat-plate s k i n - f r i c t i o n  drag. For M, = 2.4,  
i n c r e a s i n g  R r e s u l t s   i n   a n   i n c r e a s e   i n  CD, a l though the  effect i s  more pro- 
nounced i n  the  th in   boundary   l aye r .  (Compare f igs .  I l ( a )  wi th  I l ( b ) . )  For 
R = 10 x IO6 p e r  meter and 6 = 12.7 cm ( f i g .  I l ( b ) ) ,   d e c r e a s i n g  the  Mach num- 
ber  from  4.5  to  2.4  shows a pronounced  increase  in  CD. A t  A = goo, t he  CD a t  
Mm = 2.4 is more than  double  that  a t  M, = 4.5. 

Heat ing-Rate   Dis t r ibu t ions  

T y p i c a l   h e a t i n g - r a t e   d i s t r i b u t i o n s  are shown i n   f i g u r e  12 where  the  normal- 
ized h e a t - t r a n s f e r   c o e f f i c i e n t s  h/hfp are shown a c r o s s  two cor ruga t ions   under  
a th ick  (6  = 12.7 cm) turbulen t   boundary   l ayer   (no   hea t ing- ra te   measurements  were 
made with the  t h i n   b o u n d a r y   l a y e r ) .   D i s t r i b u t i o n s  are presented   for   f low a t  Oo, 
1 5 O ,  30°, and 45O t o  t h e  corrugat ions.   Curves are p r e s e n t e d   f o r  M, = 2.4  and 
R = 3.3 x IO6 per meter, f o r  M, = 2.4  and R = 10 x IO6 per  meter, and   fo r  
M, = 4.5 and R = 10 x IO6 per  meter. The h e a t - t r a n s f e r   c o e f f i c i e n t s  are normal- 
i zed  by t h e  f lat-plate hea t - t r ans fe r   coe f f i c i en t s   h fp   i n t e rpo la t ed   f rom t h e  data 
. p r e s e n t e d   i n   r e f e r e n c e s  7 and 8. For A = Oo ( f i g .  1 2 ( a ) ) ,  the hea t ing - ra t e  d i s -  
t r i b u t i o n s  are in   phase  w i t h  t h e  cor ruga ted   sur face :  t he  maximum h/hfp va lues  
occur  on the crests and t h e  minimum values   occur  on t h e  f la t s .  For A > Oo 
( f igs .  1 2 ( b ) ,   1 2 ( c ) ,   a n d   1 2 ( d ) ) ,  t h e  h e a t i n g - r a t e   d i s t r i b u t i o n s  s h i f t  upstream: 
t h e  maximum h/hfp values   occur   upstream  of  t he  co r ruga t ion  crests and the mini- 
mum va lues   occu r  on the  downstream side of t he  co r ruga t ions .  For A 2 1 5 O  (e.g. ,  
f i g .  12(b) ) ,   the   h /hf   va lues   increase   even   across  the  f la t s .  For A = 300 
( f i g .  1 2 ( c ) )  and A = 1;5O ( f ig .  1 2 ( d ) ) ,   r e l a t i v e l y  low h e a t i n g  rates are obta ined  
i n  the  region  downstream  of t he  co r ruga t ion  crest .  The low hea t ing   r eg ion   co in -  
cides approximately wi th  t h e   c o n s t a n t - p r e s s u r e   r e g i o n   n o t e d   i n   f i g u r e  8 and is 
though t   t o   r e su l t   f rom  f low  sepa ra t ion .  

Average  and Peak Heating 

Average  and peak hea t ing  rates f o r  t h e  cor ruga ted   sur face   under  a thick 
(6  = 12.7 cm) turbulen t   boundary   l ayer  are presented as a func t ion   of   c ross - f low 
angle i n   f i g u r e   1 3 .  The hea t - t ransfer   coef f ic ien ts   have   been   normal ized  by f la t -  
p l a t e   v a l u e s   i n t e r p o l a t e d   f r o m  data p r e s e n t e d   i n   r e f e r e n c e s  7 and 8. The average  
hea t ing  rates were obta ined  by i n t e g r a t i n g  the  expe r imen ta l   hea t - t r ans fe r   coe f f i -  
c i e n t s   o v e r  t h e  s u r f a c e   o f  t he  co r ruga t ions .  Data are g iven  a t  R = 3.3 x IO6 per 
meter for M, = 2.4  and a t  R = 10 x lo6 per  meter f o r  M, = 2.4  and  4.5.  The 
average   hea t ing  ra tes  shown i n   f i g u r e   1 3 ( a )  are r e l a t i v e l y  small f o r  00 < A c 100. 
For A > IOo, t he  average   hea t ing  rate i n c r e a s e s   s i g n i f i c a n t l y  w i t h  a n   i n c r e a s e   i n  
A. Mach number and  Reynolds number changes  do  not  have a s i g n i f i c a n t  effect  on t h e  
average  heat ing rates.  For A = 450, the  average   hea t ing  rate is approximately 
40 percent   h igher   than  the  f l a t - p l a t e   v a l u e .  

The peak  heat ing rates shown i n   f i g u r e   1 3 ( b )  are a l s o  small and  approximately 
cons t an t  for Oo < A < IOo,  a n d   t h e y   i n c r e a s e   s i g n i f i c a n t l y   w i t h  A f o r  A > IOo. 
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For Ma = 2.4  and b 30°, i n c r e a s i n g  t h e  Reynolds number r e s u l t s   i n  a s l i g h t  
d e c r e a s e   i n  the  peak  heat ing.   For   the h igh  Reynolds  number,  increasing t h e  Mach 
number f rom  2 .4   t o   4 .5   s ign i f i can t ly   i nc reases   t he   peak   hea t ing .  For A = 450, 
the  peak  heat ing rate is 80 t o  140 percent  h ighe r  than  the f l a t - p l a t e   v a l u e s .  

The peak  heat ing data o b t a i n e d   i n   t h e   p r e s e n t   i n v e s t i g a t i o n  are compared i n  
f i g u r e  1 4  wi th  data p u b l i s h e d   i n   r e f e r e n c e s  7 ,  9 ,  1 1 ,  12,   14,  and 15. The param- 
e te r  u s e d   t o   c o r r e l a t e  the data was deve loped   i n   r e f e rence   9 .  It is 

It should be  po in t ed   ou t  tha t  t h e  co r ruga t ions   u sed   i n  these re ferences   have  wave 
f o r m s   s i g n i f i c a n t l y   d i f f e r e n t   f r o m  t h a t  o f  t h e  p r e s e n t   i n v e s t i g a t i o n .   I n  f ig-  
u re  1 4 ,  t h e  data from t h e  p re sen t   i nves t iga t ion   and  the r e f e r e n c e s  are shown by 
t h e  test-point  symbols,   and the  s o l i d   l i n e   i n d i c a t e s   p e r f e c t   c o r r e l a t i o n .  The 
p resen t  data are in   reasonable   agreement  w i t h  t h e  p r e v i o u s l y   p u b l i s h e d   r e s u l t s  
b u t  are above the c o r r e l a t i o n   c u r v e .  For the p r e s e n t  data wi th  a h i g h  Reynolds 

' n u m b e r ,   v a r i a t i o n s   i n  t h e  c r o s s - f l o w   a n g l e   g e n e r a l l y   r e s u l t   i n   v a r i a t i o n s   i n   p e a k  
hea t ing   va lues  t h a t  p a r a l l e l  t h e  c o r r e l a t i o n   c u r v e .  The low Reynolds number and 
low Mach number data ,  a l though  cons is ten t   wi th in   themselves ,   have  a steeper s l o p e  
than the c o r r e l a t i o n   c u r v e .  No a t tempt  was made i n  t h i s  i nves t iga t ion   t o   improve  
t h e  c o r r e l a t i o n   e x p r e s s i o n .  

Oil-Flow S t u d i e s  

The p o s s i b i l i t y   o f   f l o w   s e p a r a t i o n   f o r   c e r t a i n   c r o s s - f l o w   a n g l e s  was i n v e s t i -  
gated by o b t a i n i n g   o i l - f l o w   p a t t e r n s .   T y p i c a l   f l o w   p a t t e r n s   o v e r  t he  cor ruga ted  
s u r f a c e   f o r  M, 2 .4 ,  R 10 x I O 6  per  meter, and 6 12.7 cm are shown i n  
f i g u r e  15 fo r   c ros s - f low  ang le s   o f  O o ,  15O, 3 0 0 ,  and 45O. For A = 30° and  450, 
f low  separa t ion  appears t o   o c c u r  on t h e  downstream s ide  o f  t he  co r ruga t ions  a t  t h e  
l o c a t i o n s  shown on the f i g u r e .  T h i s  r e s u l t  agrees w i t h  t h e  v a r i a t i o n s   i n  t h e  
p re s su re  and hea t ing  rate d is t r ibu t ions   no ted   p rev ious ly .   Rea t tachment  appears 
to   occu r  on the  windward s i d e  o f  t h e  cor ruga t ions ,   approximate ly  where the  peak 
p r e s s u r e   c o e f f i c i e n t s   o c c u r r e d   i n   f i g u r e  8. Flow s e p a r a t i o n  is no t   ev iden t  f o r  
cross-f low  angles   of  Oo and 15O. 

CONCLUDING REMARKS 

An expe r imen ta l   i nves t iga t ion  was conducted   to   de te rmine  t h e  drag and  heating- 
ra te  p e n a l t i e s  on wavy s u r f a c e s   t y p i c a l  of c u r r e n t   c o r r u g a t e d   p l a t e   d e s i g n s   f o r  
thermal pro tec t ion   sys tems.  Tests were conducted   in  t h e  Langley  Unitary  Plan  wind 
tunne l  a t  Mach numbers of   2 .4  and 4.5  and a t  unit  Reynolds  numbers  of 3 . 3  x IO6 per 
meter and 10 x IO6 per  meter. The co r ruga ted   su r f ace  was exposed to   bo th   t h i ck   and  
th in   t u rbu len t   boundary   l aye r s   ob ta ined  by respect ively  mounting t h e  test p l a t e   i n  
the tunnel  wall and i n  a s p l i t t e r   p l a t e   l o c a t e d   i n  t he  c e n t e r  of t h e  tunnel  stream. 
For each test condition,  measurements were made wi th  t h e   c o r r u g a t i o n s  a t  cross-flow 
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ang les  from 00 t o  900 t o  the f l o w .   I n   a d d i t i o n ,   o i l - f l o w   p a t t e r n s  were obta ined  
a t  a few t e s t  cond i t ions .  

Resu l t s  show t h a t  fo r   c ros s - f low  ang le s   o f  30° o r  less, t h e  p re s su re  drag 
c o e f f i c i e n t s  are less  t h a n   t h e   l o c a l   f l a t - p l a t e   s k i n - f r i c t i o n   c o e f f i c i e n t s   a n d  
are n o t   s i g n i f i c a n t l y  affected by Mach number,  Reynolds  number, or   boundary-layer  
th ickness   over  the  ranges  invest igated.   For   cross-f low  angles  greater than  30°, 
t h e   d r a g   c o e f f i c i e n t s   i n c r e a s e   s i g n i f i c a n t l y   w i t h   c r o s s - f l o w   a n g l e   a n d   m o d e r a t e l y  
w i t h  Reynolds number. Inc reas ing  Mach number c a u s e s   s i g n i f i c a n t   r e d u c t i o n s   i n  the 
p res su re  drag c o e f f i c i e n t s .  The ave rage   and   peak   hea t ing   pena l t i e s   due   t o  the 
cor ruga ted   sur face  are small fo r   c ros s - f low  ang le s   o f  IOo o r  less but  are s i g n i f -  
i c a n t l y  higher f o r  t he  larger cross- f low  angles .  Mach number and  Reynolds number 
changes  have a small effect  on the average   hea t ing  rates, and the Reynolds number 
has  small effect  on t h e  peak  heat ing rates. However, f o r  the large cross-flow 
ang les ,  t he  h igher  Mach number r e s u l t s   i n   s u b s t a n t i a l l y   h i g h e r   p e a k   h e a t i n g  rates. 
The measured  peak  heating rates c o r r e l a t e   r e a s o n a b l y  well wi th  prev ious ly   publ i shed  
resu l t s   even   though  the  wave forms  of   the   cor ruga t ions  are s i g n i f i c a n t l y   d i f f e r e n t .  
For small c ross - f low  angles ,  t h e  flow  remains attached t o   t h e   c o r r u g a t i o n s ,   b u t   f o r  
angles   o f  30° or  g r e a t e r ,  the f low  sepa ra t e s  from the co r ruga t ion  downstream o f  t h e  
c r e s t  and r e a t t a c h e s  on the upstream face o f   t h e   n e x t   c o r r u g a t i o n .  

Langley  Research  Center 
National  Aeronautics  and  Space  Administration 
Hampton, VA 23665 
August  25, 1977 
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TABLE I.- PRESSURE ORIFICE LOCATION 

r 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

*See figure 3. 
~~ 

Or i f   i ce  no. 

32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 

x*, cm 

0 
- 

.52 

1.53 
2.02 
2.50 
3.08 
3.69 
4.30 
4.91 
5.48 
5.99 
6.48 
6.98 
7.50 
8.01 
8.53 
9.04 
9.54 

10.04 
10.51 
11.09 
11 .TO 

12.92 
13.52 
14.00 
14.49 
14.99 
65.51 
16.02 

I .03 

12.31 

12 



TABLE 11.- THERMOCOUPLE LOCATIONS 

Thermocouple 
no. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

*See f i g u r e  4. 

- 

- 

x* 9 

cm 

0.31 
.92 

1.49 
2 .oo 
2 -49 
2.99 
3.51 
4.02 
4.54 
5.05 
5.55 
6.05 
6.52 
7.10 
7.71 

Thermocouple 
no. 

16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

" . . 

x* 9 

cm 

8.32 
8.93 
9.53 

10.01 
10.50 
11 .oo 
11.52 

12.55 
13.06 
13.56 
14.05 
14.53 
15.11 
15.72 

12.03 

13 



6, M, 
cm 

2.5 2.4 

12.7 2.4 

4.5 

TABLE 111.-  TEST CONDITIONS AND MEASUREMENTS 

R, 
p e r  meter 

3.3 x 106 
10 

3.3 x 106 
10 

10 x 106 

10.6 
32 .O 

10.6 
32 .O 

17.6 

Pressu re  

Measurements 

Heating  Boundary-layer 
rate survey 

J 

. ~ - ." 

14 



TABLE 111. - PRESSURE  COEFFICIENT  DATA AT M, = 2.4 AND 6 = 2.5 cm 

(a) A = Oo 

l 1 i  0.0304 i 0.0236 
2 :  

32 
.0297  .0236 

.0250 3 i  
' 4 ;  

5 
6 
7 '  
8 

10 
11 

, 12 
13 ' 

' 14 
' 15 
1 16 

17 
18 
19 

I 20 

22 
23 

1 9 !  

I 21 ' 

.0308 

.0327 

.0337 

.035  1 

.0361 

.0362 

.0360 

.0357 
: 0344 
.0333 
.0319 
.0296 
.0284 
.0249 
.0300 
.0322 
.0338 
.0365 
.0385 
.0409 
.0404 

24  .0408  .0355 55 
25 .0406  .0355 56 
26 .0409  .0345 57 
27 

' 28 
,0384 
.0369 

29 .0324 1 $ 1 .0276 
.0297 

.0266 j 35 

.0288 1: 36 

.0305 I /  37 

.0318 38 

.0317 ! 39 

.0320 1 '  40 

.0317 ' 41 
,0303 1 42 
.0290 I '  43 

.0248 

.0279 1 ,  44 
45 

.0239 46 

.0237 ' 47 

.0234 : 48 

.0266 49 

.0278 50 

.0315 

.0338 
I 51 
I '  52 

.0374  53 

.0362 I 54 

.0334 58 

.0312 59 

.0289 60 

.0259 1 61 .0252 62 

I 0.0333 
! .0333 

I .0343 
.0354 
""" 

I """ 

""" 

""" 

I .0365 
.0378 
.0393 
.077  1 
.0459 
.0474 
.0482 
.0477 
.0467 
.0432 
.039  1 
.0358 
.0328 
.0312 
.0274 
.0256 

.0249 

.0259 

.0242 

.0233 
,0229 

.0222 

I 
1 

I """ 

0.0232  63 
.0242 64 
.025 1  65 
.0258  66 

67 """ 

""" 

""" 

""" 70 

.0265 ,i 73 

.0348 i .  74 

.0270 

.0263 i /  

.0262 / I  

.0246 

.0239 I i  

.0236 

.0227 1 1  

.0218 

.0216 

.0224 

.0198 

.0213 

.020 1 ! I  

.0199 

.0202 I ,  

.0181 

I 

""" 

.0165 

.1285 .1197 
,1051 .0987 
.0556 .0504 
.0323 ~ .0260 ' 
.0233 .0106 
.1529 
.0935 
.0402 
.0312 
.0504 
.0479 

.1459 

.0b53 

.0282 

.0190 

.0425 

.0425 

1 



TABLE 1V.- Continued 

(b) A = 5O 

Irifice 
no. 

T 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

r; 
R = 3.3 x 106 per m 

0.0335 
.0304 
.0287 
.0288 
.0284 
.0303 
.0337 
.0344 
.0362 
.0377 
.0380 

12  .0387 
13 .0383 
14  .0363 

16 
15  .0345 

.0327 
17 .0297 
18 
19 

.0295 

.0297 
20  .0308 
21  .0327 
22  .0367 
23  .0374 
24  .0387 
25  .0409 
26  .Ob34 
27  .0425 
28  .0428 
29 
30 

.039 1 

31 I 

.0355 

.0317 

R = 10 x 106 per m 

.0226 

.0243 

.0227 

.0270 

.0286 

.0323 

.0310 

.0337 

.0342 

.0347 

.0322 

.0304 

.0286 

.O248 

.0245 

.0237 

.0252 

.0281 

.0332 

.0335 

.0334 

.0359 

.038 1 

.0382 

.0379 

.0328 

.0367 

.0309 

no. 

- 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 

44 
43 

45 
46 
47 
48 
49 
50 

52 
51 

54 
53 

55 
56 

58 
57 

59 
60 
61 
62 

R = 3.3 x 106 per m 

0.0320 
.0312 
.0316 
.0321 
""" 

""" 

""" 

""" 

.0352 

.0370 

.0385 

.0756 

.0448 

.0466 

.0477 

.0475 

.0455 

.0424 

.0389 

.0351 

.0329 

.0317 

.0278 

.0265 

.027 1 

.0242 . .0206 

.0177 

.0160 

.0141 
""" 

.0219 

.0217 

.0223 
""" 

""" 

""" 

""" 

.0246 

.0259 

.0256 

.0349 

.0265 

.026 1 

.0265 

.0263 

.0252 

.0249 

.0247 

.0236 

.0245 

.0240 

.0224 

.0212 

.0229 

.0197 

.0170 

.0138 

.0130 

.0108 1 

""" 

kifice 
no. 

63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 

Cp at - 

0.0424  0.0319 
.1228  .1162 
.1027 
.0560 

.0990 

.0519 

.0287 

.0362 
.01e3 
.0310 

.1503 .1482 

.0925 .0b75 

.0404 .0307 

.0235 

.0402 
.0130 
.0320 

.0420  .0363 



TABLE 1V.- Continued 

(c) A = 10' 

1 
1 2  
: 3  

4 

6 
' 7  

8 
9 

10 
11 
12 
13 
14 

16 
15 

17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

28 
29 
30 
31 

! 5  

~ 27 

0.0338 
.0326 
.0318 
.0324 
.0335 
.0347 
.0358 
.0373 
.a386 
.0404 
.0386 
.0365 
.0354 
.0340 
.0343 
.0344 
.0336 
.0338 
.0341 
.0348 
.0365 
.0387 
.0394 

.04 12 

.0395 

.0414 

.0378 

/ 

0.0287 

.0279 

.0286 

.0302 

.0292 

.0324 

.0314 

.0339 

.0285 

.0314 

.0279 

.0270 

.0276 

.0296 

.0284 

.030 1 

.0303 

.0312 

.0319 

.0350 

.0350 

.0336 
.0348 
.0334 
.0302 

I .0282 

I .0327 

' 32 
33 
34 

36 
35 

37 
38 
39 

~ 40 
41  

, 42 
43 
4 4  

45 
45 

47 
48 
49 
50 
51 
52 
53 
54 

55 
55 

57 
58 

0.0294 
.0304 
.0326 
.035 1 
""" 

""" 

""" 

""" 

.0416 

.0436 

.0447 

.0797 

.0451 

.0432 

.0430 

.0433 

.0435 

.0420 

.0431 

.0405 

.0397 

.0389 

.0365 

.0355 

.0363 

.0346 

.0296 

0.0179 
.0194 
.0214 
.0247 
""" 

""" 

""" 

""" 

.0304 

.0313 

.0304 

. 0 376 

.0239 

.0203 

.0186 

.0183 

.0193 

.0227 
,0256 
.0270 
.0286 
.0307 
.0299 
.0307 
.0323 
.0304 
.025 1 

63 
64 ~ 

65 
66 
67 
68 
69 
70 
71 

73 
72 

74 

I 
I 

0.0448 
.1166 
.1054 
.0640 
.050 1 
.0h35 
.1521 
.0948 
.0420 
.0124 
.0153 
.0255 

0 A339 
. logo 
.0997 
.0581 
.0453 
.0356 

.0860 

.1491 

.0322 

.0026 

.0149 
.OO 15 

.0370 

62 .0297 .0323 
61  .0284 .0332 

I 60 , .0164  .0120 I .0289 .0340 
.0287 59 .0228 .0174 

""" 

.0085 
""" 

.0024 
L 

4 
"L 



TABLE 1V.- Continued 

( d )  h = 15O 

r i f i c e  
no. 

O r i f i c e  Cp a t  - 
R = 3.3 x 106 per  m I R 10 x 106 per  m I no. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

0.0156 
.0224 
.0285 
.0338 
.0376 
.0391 
.0389 
.0462 
.0520 
.0544 
.0465 I 
.OH6 

I 

.0159 

.0137 

.0174 

.0242 

.0314 

.0365 

.0402 

.0418 

.0423 

.0483 

.0526 

.0555 

.0494 

.036 1 

.0234 

.0098 

.0059 

.008 1 

.0243 

> 

0.0059 
.0163 
.0257 
.0325 
.0364 
.0375 
.0377 
.0460 
.0500 
.0519 
.0432 
.0285 
,0164 
.0040 
.0025 
.0106 
.0196 
.0299 
.0357 
.0397 
.Ob05 
.0413 

.0524 

.0490 

.0521 

.0452 

.0306 

.0156 

.ooze 
-.0017 

.0040 

32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
4 4  
45 
46 
47 
48 
49 
50 

52 
51 

54 
53 

55 
56 
57 
58 

60 
59 

61 
62 

r 
0.0182 

.0189 

.0244 

.0323 
""" 

""" 

""" 

.0456 

.0464 

.0506 

.OB55 

.0495 
.0441 
.0384 
.0341 
.03?8 
.0338 
.0369 
.0396 
.Ob07 
.0410 
.0397 
.0387 
.0387 
.0376 
.0337 
.0254 
.0166 

'i 0.0075 
.0078 
.0139 
.0230 
""" 

""" 

""" 

""" 

.0334 

.0351 

.0395 

.0480 

.0318 
.0218 
.0151 
.009 1 
.0087 
.0147 
.0226 
.0277 
.0311 
.0331 
.0314 
.0298 
.0319 
.0336 
.0314 
.0217 
.0122 

-.0016 
""" 

63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 

CD a t  - 
= 3.3 x 106 per  m 

0.0456 
.1048 
.1054 
.0734 
.0654 
.059 1 
.1498 
.0941 
.037  1 

-.0013 
-.0104 

. -.0045 

T- 

.0043 

1 = I O  x 106 per m 

0.0376 
.0986 
.1019 
.0b87 
.0628 
.0537 
.1465 
.0872 
.0296 - .0070 

-.01gg 
-.0231 



TABLE 1V.- Continued 

( e )  A = 200 

O r i f i c e  

R = I O  x 106 per m R :: 3.3 x 106 per m 

O r i f i c e  Cp a t  - 
no. 

, 1  -0.0076 

.0292 Ii 35  .0315 

.0210 34 .0225 

-0.0323 32 

1 6 1  .0349 .0267 1 '  $ 
.0276  .0204 ~ 38 
.038 1 

1 2 1  .0059 -.0041 1 1  33 

5 '  .0336 .0286 

9 '  
10 1 
11 1 
12 

' 13 , 
1 4  
15 

~ 17 
18 
19 

l 6  I 

20 
21 

: 22 
23 
24 

26 
25 

27 i 26 

.0664 

.0775 
,0747 
.057 1 
.0360 
.0123 

-. 0054 -. 0066 
.0073 
.0252 
.0360 
.0393 
.0408 
.0339 
.0425 
.0683 
.0786 
.0767 
.0587 
.0358 1 

I 

I 

.0475 1 39 

.0718 / I  40 

.0821 ' 41  

.0554 

.0741 ,(  42 
43 

.0317 44 

.0043 45 

-.0281 47 
- .0006 48 

.0269 49 
.0353 50 

-. 0204 46 

.0362 51 

.0317 52 

.0251 53 
.0506 54 
.0734 , 55 
.0800 56 
.0745 1 57 
.0576 58 
.0320 ' .  59 

R = 3.3 x 106  per m 

0.0151 
.0165 
.0248 
.0358 
""" 

""" 

""" 

""" 

.0549 

.0464 

.0536 

.0788 

.0478 

.0384 

.0438 

.0340 

.0331 

.Ob39 

.0374 

.0484 

.0503 

.0510 
I .0497 I 

I .0489 
.0463 
.0383 I 

.0338 

.0266 

.0172 
""" 

0.0031 
.0079 
.0195 
.032 1 66  .0893 .085 1 

.1127 

""" ' 67  .0836  .0821 1 

""" I '  68  .076 1 .0716 
""" 1 ,  69 

70 1 .1467 
""" .0947 

.0406 ; :  71 ~ .0341 

.0297 ! 72 

.0200 
-.0071 

j !  '7: i -.0194 
.0426 
.0342 
.0239 
.0136 
.0087 
.0117 

.0334 

.039 1 

.0403 

.0b23 

-. 0206 
1 
1 
1 

.0223 

.0392 

.0356 

.0266 

.0211 

.0294 

.0251 

.0094 / I ,  1 
.""_ 

. o m  
.1429 

.0267 
-.0135 - .0268 
-.0346 

.0040 -.0013 
I I II 



N 
0 

TABLE 1V.- Continued 

( f )  A = 25O 

"ifice 
no. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 
16 
17 
18 

20 
19 

21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

Cp a t  - I 
I = 3.3 x 106 per m 

-0.0197 -. 0069 
.0126 
.0308 
.0374 
.0320 
.0196 
.0065 

.0836 

.Oh30 

.lo12 

.0903 

.0637 

.0295 - .0030 -. 0200 
-. 0068 
.0130 
.0309 
.0418 
.0376 
.0255 
.0115 
.0456 
.OB58 
.I973 
.0942 
.0664 
.0285 

-. 0045 -. 0243 

-. 0356 
.0123 
.0302 
.0323 
.0207 
.0020 

-. 0062 
.0584 
.0986 
.lo68 
.0905 
.0610 
.0260 

- .0085 
-.0394 - -0353 
.0161 
.0352 
.038 1 
.0104 I .0098 

I .0008 
.0648 
.lo05 
.lo97 
.0888 
.0610 
.0256 

-.0091 - .0392 

r i f ice  
no. 

r 
I 

32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 

46 
45 

47 
48 
49 
50 

52 
51 

53 
54 
55 
56 

58 
57 

59 
60 

62 
61 

3 = 3.3 x 106 per m 

0.0042 
.0062 
.0186 
.0324 
""" 

""" 

""" 

""" 

.0600 

.0682 

.0696 

.0940 

.0517 

.0403 

.0305 

.0245 

.0244 

.0326 

.0422 

.0479 

.0516 

.0535 

.05  38 
-0564 
.0605 
.0597 
.0509 
,037 1 
.0211 

-.0038 
""" 

-0.0121 
- .0099 

.0117 

.0305 
""" 

""" 

""" 

""" 

.0476 

.0507 

.0447 

.0h99 

.0289 

.01e9 

.0078 
- .0025 
- .ooog 
.0154 
.0321 
.0403 
.0447 
.0b70 
.0448 
.0447 
.0437 
.0365 
.0347 
.0291 
.0194 

63 ! .0903 
0.0573 

64 
65 
66 .1053 

.1192 

67 
68 

.1025 

69 
.0877 
.1444 

70 .0940 
71 
72 

.0310 

73 
-.0089 

74 
-.0201 
-.0241 

-.0119 

R = IO x 106 per m 

0.0475 
.0799 
.1158 
.1025 
.1007 
.0b78 
.1405 
,0877 
.0234 

-.0162 - .0275 
- .0339 

1 



TABLE 1V.- Continued 

( 9 )  A = 30° 

Cp a t  - Orifice 1 Cp a t  - Cp a t  - Orifice 
no. 

1 R = 3.3 x 106 per m R = 10 x 106 per m ~ R = 3.3 x 106 per m /  R = I O  x 106 per m ,  R = I O  x 106 per m R = 3.3 x 106 per m 
no. 

1 ;  3 
4 
5 
6 

' 7  
8 

' 10 
11 
12 
13 
14 

' 15 ! 16 
~ 17 

18 

20 
19 

' 21 
22 

24 
23 

26 
25 

28 
27 

29 
30 
31 

! 9  

-0.0143 
I 
i 

-0.0285 
-.0101 - .0045 .0100 

-. 0569 

.0256 

.0489 1 .0275 
I .0452 

.0460 .Ob15 37 

.0272 I .0107 1 1  38 

, 

.0048 

.OO39 
.0465 
.0924 
.120 1 
.lo40 
.0648 
.o213 

I -.0144 
-.0119 

.0075 

.0203 

.0437 

.0464 

.0292 

.0080 

.0043 

.0450 

.0976 

.1210 

.lo49 

.0634 

.0213 

1 

-.0115 

I 

-.0170 
.0014 
.057 1 
. lo83 42 
.1247 , '  43 
.lo38 ~ 44  
.0609 45 
.0150 ! 46 

- .0244 , 47 
- .0575 48 -. 0029 49 

.0280 50 

.0429 51 

.0431 52 

.0152 ' 53 
-.0118 54 

.0059 55 

.OS84 

. I193 57 

.1261 I 58 

I 
56 

61 
- .0240  62 

i -O.O0l3 -. 0058 
.0105 
.0298 

I """ 

I 1:::;: 
I .0548 

.0639 

.0796 

.1188 

.OB22 

.0627 

.0389 

.0176 

.0109 

.0247 

.0385 

.0452 

.0452 

.044 1 

.0463 

.0533 

.0627 

.0736 
* 0754 

""" 

1 .0625 

I 
""" 

""" 

I 

I 
.0484 
.0532 
.0624 
.0776 

I .0555 
.0367 
.0129 

-.0114 
- .0248 
- .0038 

.0320 

.027 1 

.0360 

.0367 

.0497 

.0399 

.0584 

.0612 

.0586 

.0459 

I 

, 63 
64 

' 66 
65 

' 67 
68 
69 
70 

' 72 
71 

73 
74 

1 

0.0635 
.0835 
.1269 
.1240 

.058 1 

.1198 

.1450 
,0935 

-.0066 
.0302 

- .0152 
-.Ole7 

0.0537 
.0666 

.1204 

.1235 

.0515 

.1195 

.1388 

.0856 

.0213 
-.0147 

- .0285 
- .0237 

I .0402  .0272 I t  1 
I """ I """ II 1 I 

1 -.0067 1 -.Ole7 11 t 1 I 



TABLE 1V.- Continued 

(h) A = 45' 

O r i f i c e  

5 
6 

8 
7 

9 
10 
11 
12 
13 
14 

a15 
16 
17 
18 
19 
20 

22 
21 

23 
24 
25 
26 

28 
27 

29 
30 

t 
CD at - F 

R = 3.3 x 106 per m 

0.0246 

- .0062 
.Ole8 
.0367 
.0374 
.0582 
.0565 
.0417 
.0387 
.0519 
.0778 
.087 1 
.0772 
.0521 
.020 1 

-.0164 
-.0105 

- 

-. 0098 

.0126 

.0285 

.0285 

.0429 

.0507 

.0422 

.0372 

.05 12 

.0702 

.0786 

.0659 

.0403 

R = I O  x 106 per m 

0.0211 
-.0196 
- .0534 
-.0001 

.0356 

.0393 

.049 1 

.0574 

.044 1 

.0383 

.0523 

.0823 

.0941 

.0830 

.0558 

.0217 

-.0571 

.0250 

.030 1 

.0376 

.0560 

.0494 

.0386 

.0514 

.0750 

.0840 

.0729 

.0447 

- .0227 

-.0117 

r i f i c e  
no. 

32 
33 
34 
35 
36 
37 
38 
39 
40 
4 1  
42 

44 
43 

45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 

t 
CD at - 

R = 3.3 x 106 per m 

-0.0024 
-.0134 

.0058 

.0254 
""" 

""" 

""" 

""" 

.04g 1 

.0572 

.0717 

.1160 

.0841 

.0709 

.Oh99 

.0224 

.0124 

.0274 

.0395 

.0442 

.0450 

.0458 

.0503 

.0609 

- .0005 

57 .0756 
58 .OB79 
59 .0843 
60 .0666 
61 """ 

r i f i c e  
no. 

R = I O  x 106 per  m 

-0.0123 
-.0472 
-.0343 

.0130 
""" 

""" 

""" 

""" 

.0427 

.0523 

.0693 

.0953 

.0598 

.0772 

.0349 

.0022 
- .0342 
-.0434 

.0085 

.029 1 

.0337 

.0355 

.0378 

.0458 

.059 1 

.0753 

.0859 

.0800 

I 

63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73  
74 

r Cp at - 
= 3.3 x 106 per  m 

0.0579 
.0553 
.1209 
.0349 

- .0039 
-.0091 

.1372 

.0w1 

.0314 

.0077 

.0089 

.0199 

.0616 , 
""" 1 

R = IO x 106 per  m 

0.0550 
.0310 
.1066 
.0580 
.oo 19 -. 0249 
.1346 
.0794 
.0257 
.0009 
.0008 
.0099 

31 .0105 .0126  62  .0055 I - .0009 



TABLE 1V.- Continued 

(i) A = 60° 

I O r i f i c e  I Cp a t  - ij0rifice; Cp a t  - ' O r i f i c e  Cp a t  - "-77- 
no. no. ( 1  no. I R 3.3 x 106 per r n /  R = IO x 106 per  rn , R = 3.3 x 106 per r n '  R = IO x 106 per rn R = 3.3 x 106 per  rn R = IO x 106 per  m 

! , 
1 0.0121  0.0085 I 32  0.0112 ~ 0.0054 i 63 0.0435  0.0275 
2 -. 0282  -.0336 ' 33 -. 0248 -. 0375 64 .0404 .0146 
3 -. 0320  -.0714 34 -.0116  -.0536 65 -.0013 .0b79 
4 -.0144 -. 0445  35  .0067 - .0086  66  .0007  .0028 
5  .0045 - .0035  36 67 .0101  .0015 
6  .Ol23  .0052  37 """ """ 68 .0253  .0110 
7  .0124  .0010  38 69  .0906  .0945 
8 .0320  .0258  39 70  .0631  .0609 
9  .Ob21  .0674 ' 40  .0536  .0484 71 .0326  .0273 
10 .0872  .loo8  41  .0697  .0654 72 .0311  .0259 
1 1  .1181  .I371  42  .0960  .0929 73 .0524  .0495 
12  .1274  .1379  43  .1418  .1200 74 .0357  .0336 

""" """ 

""" """ 

""" """ 

13  .I173  .1242  44  .lo64  .0968 
14  .09  27  .0956  45  .OB60  .0731 
15 .0564  .057 1 46  .0568  .0409 
16 .0153  .0135  47  .0232  .OOl9 
17  -.0315 - .0369 48 -.0064 -.0371 
18  -.0369  -.0783  49  .0056  -.0473 
19  -.Ole4 - .0575  50  .0188 - .0045 
20 -. 0025  -.Ole4 51 .0325  .0218 
21  .0056 - .0076  52  .0379  .0282 
22  .0063  -.0071 53 .0382  .0282 
23  .0221  .0145  54  .Oh21  .0342 
24  .0520  .0577  55  .0539  .0513 
25  .OB06 

.1221 

.0887  .0885 
.0816  .OB55  .0644  .0625 

.0035  62 .ooog - .0047 
61 """ """ 

W 
N 



TABLE 1V.- Continued 

(j) A = 75O 

rif ice  
no. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 
16 
17 
18 

20 
19 

21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

r 

f 
Cp at - 

I = 3.3 x 106 per m 

0.0154 
-.0300 
-. 0328 
-.0171 
.0038 
.0138 
.0159 
.0239 
.On37 
.0690 
.1104 
.1368 
.1314 
.0989 
.0536 
.007 1 

-.0412 
-. 0340 
-.0196 
-.0011 
.0079 
.O 107 
.0207 
.0419 
.0666 
.11?4 
.1291 
.1203 
.OB36 
.040 1 

- .0028 

I = IO x 106 per m 

0.0179 - .0305 - .0709 
-. 0399 
.0112 
.0101 
.0179 
.0414 
.0748 
.1320 
.1637 
.1583 
.1188 
.0648 
.0112 - .0443 

-.0748 
- .0429 -. 0045 
.0025 
.0033 
.0149 
.040 1 
.0740 
.I330 
.1509 
.1409 
.lo16 
.0506 
.0034 

.0023 

r i f ice  
no. 

32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 

44 
43 

46 
45 

47 
48 
49 
50 
51 
52 
53 
54 
55 
56 

58 
57 

60 
59 

61 
62 

r 

i 
Cp at - 

0.0178 
-.0252 
- .0224 
-.0035 _""_ 
""" 

""" 

.0572 

.0766 

.lo82 

.1590 

.1215 

.0996 

.0689 

.0320 
- .0067 
-.0071 
.0049 
.0213 
.0289 
.0298 
.038 1 
.0542 
.0727 
.lo07 
.I137 
.lo47 
.0785 

.0061 
""" 

R = 10 x 106 per m 

0.0161 -. 0297 
-.0612 
-.0213 
""" 

""" 

""" 

""" 

.0764 

.0538 

.1130 

.1455 

.1200 

.0935 

.0575 

.0160 - .0278 
-.0591 - .0224 
.0745 

.0226 

.0219 

.0328 

.0529 

.0759 

.1115 

.1235 

.1109 

.0814 
""" 

.0046 

Irifice 
no. 

63 
64 
65 
66 
67 
68 
69 
70 
71 

73 
72 

74 

Cp at - 1 
R = 3.3 x 106 per m 

0.0317 
.0203 
.0254 
.0284 
.0325 
.0372 
.0464 
.0312 
.0366 
.0238 
.0208 
.0154 

3 = 10 x 106 per m 

0.0138 
.0165 
.0160 
.0224 
.0273 
.0326 
.0508 
.0250 
.0373 
.0255 
.0224 
.0142 



TABLE 1V.- Concluded 

(k) A = 90° 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

~ 1 1  
1 12 

13 
.14 
15 
16 
17 
18 
19 
20 
21 
22 
23 

25 
I 26 

27 
28 
29 
30 
31 

, 24 

0.0151 I 0.0200 ' 1  32 
- -0307 I -. 0266 " 33 - .0336 I - .0653 I 34 
-.0175 ~ -.0393 1 ,  35 
.0042 
.0145 

.0248 

.0444 

.0697 

.1117 

.1380 

.I331 

.0998 

.0541 

.0070 

I .0170 

-. 0420 -. 0346 - . 0200 
-.0018 
.0077 
.0111 
.0212 
.0434 
.0690 
.1150 
.1292 
.1213 
.0847 
.0413 

I 

I 

! 

.0121 " 36 

.0209 

.0215 I '  38 
37 

.0326 I ,  39 

.0538 I ,  40 

.0780 41 

.1357 i 43 

.I264 44 

.0965 : 45 

.0568 46 

.0136 47 

-. 0678  49 

.1182 ; 42 

- .0357 48 

-. 0345 
.0066 
.0149 

.0284 

.0163 

.0497 

.0735 

.1149 

.1272 

.1143 

.0835 

.0438 

! 

50 
51 
52 
53 
54 
55 
56 

, I  57 
58 
59 

1 -.0030 I .0036 

0.0144 
- .0296 
- .0262 -. 0068 I 

""" 

""" 

I I 
""" 

""" 

1 .0548 
.0749 
.IO75 
.1648 
.1209 
.098 1 

.0286 

.a665 

-.0107 
-.0114 
.0014 
.0179 
.0260 
.0268 
.0350 
.0522 
.07 1  1 
.0997 
.1127 
.lo40 

0.0158 

- .0673 
-.a312 

-.0311 
""" 

""" 

""" _""_ 
.0489 
.a722 

.1466 

.1124 

.1203 

.0938 

.057 1 

.0152 - .0288 
-.0631 
- .0279 
.0117 
.0195 
.0207 
.0317 
.0517 
.0735 
.lo95 
.1224 
.1121 

63 
64 

, 65 
, 66 

67 
68 
69 I 

70 
! 71 

72 
73 
74 

0.0275 
.0168 
.0230 
.0253 
.0297 
.0340 
.0430 
.0279 
.0339 
.0206 
.0177 
.0122 

0.0395 
.0490 
.0372 
.0322 
.0235 
.0580 
.0060 
.0073 
.0053 
.0025 
.0156 
.0105 

I .0766 I .OB19 I1 1 
1 """ I """ I /  1 1 I 
I .0026 I .0047 I1 1 1 I 



TABLE V. -  PRESSURE COEFFICIENT DATA AT Mm = 2.4 AND 8 = 12.7 cm 

(a) A = Oo 

c 

I O' rifice 
no. 

1 
2 
3 
4 
5 
6 
7 
8 

10 
9 

1 1  
12 
13 
14 
15 
16 
17 
18 

20 
19 

21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

' 31 

r 
c; 

Cp a t  - 

r; I = 3.3 x 106 per m 

0.0114 
.008 1 
.008 1 
.0085 
.0078 
.0078 
.0077 
.Of377 
.0079 
.0082 
.0075 
.008 4 
.0082 
.0078 
.0079 
.008 4 
.0064 
.0063 
.005 1 

t 

.004 1 

.0035 
,0036 
.ooze 
.0022 
.0027 
.0029 
.0032 
.0034 
.0034 
.0039 
.0049 

= IO x 106 per m 

0.0073 
.006 1 
.006 1 
.0060 
.0052 
.0049 
.0047 
.0046 
.0049 
.0054 

.0058 

.0049 

.006 1 

.0056 

.0070 

.0072 

.0058 

.0057 

.0032 

.ooze 

.0016 

.0023 

.0014 
.0004 
.0005 
.0005 
.0013 
.0017 
.0024 

lrifice 
no. 

32 
33 
34 
35 
36 

38 
37 

40 
39 

41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 

r 

.0028 61 

.0036 / I  62 

C, a t  - 
R = 3.3 x 106 per m 

0.0050 
.ooog 
.oooo 

-.0001 
.0011 

-.0001 
.0005 
.oooo 
.0008 
.0007 
.0004 
.0002 
.0007 
.0010 
.0010 
.0014 
.0016 
.002g 
.0022 
.0024 
.0032 
.0041 
.0031 
.OO33 
.0044 
.0037 
.004 1 
.0045 
.0042 
.0045 
.0050 i 

I = IO x 106 per m 

-0.0001 
-. 0002 
- .0032 
- .0028 - .0007 
-.0032 
-.0016 
-. 0026 
-.0018 
-.0017 
-.0015 
-.0018 - .0004 
.0006 - .0002 . 000 1 
.0002 
.0023 
.0010 
.0010 
.0018 
.0028 
.0008 
.0011 
.0025 
.0017 
.0020 
.0023 
.0020 
.0027 
.0033 

lrifice C, a t  - 

63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 

0.0404 
.0694 
.035 1 
.0084 
.OW 8 
.0102 
.0792 
.0396 
.0171 
.0124 
.0134 
.0098 

I = 10 x 106 per m 

0.0269 
.0731 

.0044 

.0391 

.0047 

.0034 

.0842 

.0346 

.0133 

.0127 

.0117 

.0058 



TABLE V.-  Continued 

(b) A = -50 

' 1  
2 

! 3  
I 4  

5 
, 6  

7 

9 
10 
1 1  
12 
13 
14 
15 

, 16 
1 17 

18 
19 
20 
21 
22 

24 
23 

26 
25 

28 
27 

i 8  

( I 8  

I 0.0096 
I .0062 
I .0066 

.0072 

.0075 

.0103 
I .0123 

.0119 

.0118 

.0114 

.0102 

.0100 

.0090 

.0078 

.0077 

.0075 

.do54 

.0054 

.0052 

.0059 

.0066 

.007  1 

.0066 

.0066 

.0072 

.0069 

.0073 

.007 1 

.0069 

.0070 

.0074 

I 

0.0039 1 .0030 
.0026 

.0040 

.0045 

.0055 

.0066 

.0066 

.0072 

.0072 

.0058 

.0056 

.005 1 

.0030 

.0027 

.0017 

.0002 

.0002 
-.0010 

.ooo 1 

.0006 
.0028 
.0020 
.0015 

.0017 

.0019 

.0023 

.0022 

.0022 

.0015 

.0019 

I 

' .  32 
33 
34 

' 35 
1 36 

37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54  
55 
56 
57 
58 
59 
60 

0.0027 

I 
-.0010 
-.0011 
-. 0003 , .0022 

.0038 

.0065 

.0058 

.0062 

.0057 

.005 1 

.0043 

.004 1 

.0038 

.0041 

.0045 

.0048 

.0064 

.0069 

.0080 

.0098 
.0103 
. 009 1 
.oogo 
.0096 
.0084 
.0078 
.0074 
.0070 
.0064 I 

I -0.0031 

I 
- .0025 
- .0049 

.0005 
-.0010 

.0018 

.0005 

.0011 

.0013 

.0008 

.0004 

.OO 14 

.0005 

.0007 

.0007 

.ooog 

.0027 

.0025 

.0064 

.0051 

.0038 

.0039 

.0045 

.0029 

.0025 1 .0016 

.0015 

-.0032 

! 

.0032 

.003 1 

' I  63 

65 
66 
67 
68 
69 

' 70 

i 72 
71 

73 
74 

I. 64 
0 .OM4 

.0728 

.0402 

.0135 

.0116 

.0129 

.0b37 

.0424 

.0163 

.0115 

.0155 

.a124 

0 .0272 
.0721 
.0407 
.0085 
.0057 
.0019 
.0b38 
.0345 
.0078 
.006 1 
.0103 
.0062 

I .0067 I .0020 



ru 
W 

TABLE V. -  Continued 

( c )  A I -loo 

rifice 
no. 

1 
2 
3 
Ir  
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 

20 
19 

21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

Cp a t  - 
t = 3.3 x 106 per  m 

0.0034 
.0003 
.0002 
.0019 
.0019 
.0088 
.0092 
.0066 
.0104 
.009 3 
.007 1 
.0059 

.0004 

.0032 

-.0014 
-.0017 - .0025 
-.0010 
.0009 
.0040 
.0072 
.0097 
.0090 
.0082 
.0073 
.0060 
.0048 
.0032' 

;I 
I = IO x 106 per  m 

-0.0032 
-.0031 
- .0004 
.0029 
.0053 
.0090 
.0117 
.0101 
.0096 
.0082 
.0052 
.0028 

-.0041 - .0055 
-.0061 
- .0058 -. 0034 
.0023 
.0057 
.0098 
.0078 
.0068 
.0062 
.0043 
.0031 
.0004 

-.0019 

- .0003 

-.0017 

lF r i f i c e  
no. 

32 
33 
34 

36 
35 

37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 

52 
51 

53 
54 
55 
56 
57 
58 
59 
60 .0007 - .0007 -. 0033 
~. 

' 61 

Cp a t  - 
T = 3.3 x 106 per  m 

-0.0007 - .0034 - .0060 
-.0053 - .0030 
.0046 
.0043 
.oooo 
.007 1 
.0066 
.0055 
.0038 
.002 1 
.0004 

- .0007 
-.0010 - .0002 
.0024 
.0043 
.007 1 
.0104 
.0113 
.0099 
.0094 
.0094 
.0072 
.0058 
.0042 
.0020 

II; k i f i c e  
no,  

R = 10 x 106 per  m 

-0.0060 
- .0045 
- .0057 
-.0019 
.0043 
.0048 
.0084 
.0064 
.0066 
.006 1 
.0049 
.0030 
.0020 

-. 0002 
- .002 1 -. 0030 
- .0024 

.0008 

.0026 

.0057 

.0098 

.0115 

.0085 

.0084 

.0060 

.0082 

.0045 

.0020 
- .0007 

.0006 - .0020 

63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 

E Cp a t  - 
1 = 3.3 x 106 per  m 

0.0394 
.0692 
.0421 
.0172 
.0118 
.0099 
.0795 
.0373 
.0050 

R = IO x 106 per  

0.0271 
.0716 
.0456 
.0165 
.0108 
.0010 
.0b20 
.0343 - .0007 

-.0010 - .0092 
.0070  .0042 
.0069 .0064 

. 31 , - .0003 : 62 .0008 - .0022 - .0028 I 

1 l i d  id 



TABLE V.-  Continued 

(d) A = -15O 

I Orifice 
no. c~ at/' no. 1 

Orifice 1 Cp at - I '  Orifice i Cp at - 
, R = 3.3 x 106  per m! R 10 x 106  per mi R 3.3 x 106 per m '  R = IO x 106  per m I !  R = 3.3 x 106  per m R = IO x 106  per m 

'I no. , 

I 
-0.0032  -0.0093 1 '  32  -0.0034  -0.0099 63 0.0407  0.031 3 - .0054 -. 0083 33 -. 0059  -.0079 64 .0723  .0717 - .0022 - .0043  34 - .0030  -.0071  65  .0489  .0536 

.0027 .0004 35 .0020 - .0004 66  .0266  .0280 
, 5  .0082  .0063  36 .0088 .oogo 67 .0205  .0222 

6 .Ol49  .0132  37  .0125  .0120 68 .0150 .008 1 
7 .0177  .0176  38  .0152  .0163  69 .0804 .0822 a ,0153  .0142 39  .0134 ,0140  70  .0362  .0340 
9  .0127  .0123  40  .0131 .O 136 71 - .0030 - .0077 
10  .0103  .009 1 41  .a116  .Oll9 72 -.Ol34 - .0268 
1 1  .0080 .0059 42 .0097 .0100 73 - .0035 
12  .0056  .0026  43  .0065  .0067 74 .0013 
13 .0018 I - .0022 44  .0027  .0024 

-.0013 

14 - .0027 -. 0078  45  -.0014 
15 

- .0035 -. 0058 - .0099  46 - .0042 - .0070 
16  -.0063  -.0106  47 -. 0050 - .oogo 
17 -. 0062  -.0091  48 - .0039 - .0074 
18 - .0025 -. 0054 49  .0006  -.0021 
19 .0025 - .0007  50  .0053  .0032 
20  .009 3 .0063 51 .0107  .0095 
21  .0162  .0134  52  .0166  .0165 
22  ,0198  .0197 53 .0182  .0188 
23 
24 

.0168  .0156 54 .0162  .0153 

.0142  .0124  55  .0153  .0144 
25  .0119  .0103  56  .0140  .0136 
26  .0101 .0080 57  .0113  .0109 
27 .0075  .0050  58  .0084  .0078 
28 .0038 .0003 I 59  .0045 .0024 
29 -.0012 -. 0047 60 - .0003 - .0039 
30 - .0038 -. 0073 61 -. 0033 - .0076 
31 - .0043 - .0066 62 - .0040 - .0077 

-.0139 



w 
0 

TABLE V . -  Continued 

(e )  A = -200 

T I r i f i c e  
no. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11  
12 
13 
14 
15 
16 
17 
18 

20 
19 

21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

Cp a t  - I 

t 
R = 3.3 x 106 per  m 

-0.0106 
-.0139 - .0088 

.oooo 

.0104 

.022 1 

.0250 

.0198 

.0134 
,0105 
.0094 
.0073 
.0026 

-. 0042 
-.0104 
-.0130 
-.0133 
-. 0072 
.002 1 
.0141 
.0250 
.0284 
.0219 
.0146 
.0120 
.0118 
.0093 
.0037 

-. 0043 
-.0104 
-.0137 

I- 3 = IO x 106 per  m 

-0.0208 
-. 0226 
-.0182 
-. 0088 

.0048 

.0194 

.0266 

.0210 

.0150 

.0098 

.0096 

.0065 

.0005 
-. 0092 
-.0168 
-.0219 
- .0232 
-.0174 
-.0071 
.0073 
.0217 
.0307 
.0242 
.0160 
.0111 
,0127 
,0100 
.0044 

l r i f i c e  
no. 

32 
33 
34 
35 
36 
27 

T Cp a t  - 
R = 3.3 x 106 per  m 

-0.0087 
-.0108 
- .0055 
.003 1 
.0143 

38 ' ~ .0234 
39 
40 

.0204 

41 
.0181 

42 
.0143 

43 
.0118 

44 
.008 1 
.0020 

46 
45 -. 0047 
47 

- .0099 
48 

-.0123 

49 
-.0105 

50 
- .0033 
.0054 

51 .0152 

.0209 

R = IO x 106 per  

-0.0196 
-.0168 
-.0121 
-.0008 
.0141 
.0202 
.024 1 
.0203 
.0174 
.0143 
.0127 
.0082 
.0015 - .0089 

-.OI64 
-.0198 
-.0179 - .0088 
.0020 
.0133 

52  .0242 
53  .0252 

.0236 

54 
.0259 

.0216 
55 

.0209 

56 
.0186  .0181 
.0154  .0156 

57  .0122 
58  .0085 

.0135 

.0100 
59  .0023 
60 - .0053 -.0045 

.0021 

-.0127  61 , -.0107  -.0151 
- .0083 

-.0170  62 -.oi 18  -.0168 

Orifice Cp a t  - 
no. 

R = 3.3 x 106 per  m I I 

0.0414 
.0698 
.0571 
.0385 

68 .0253 
69 .0b15 
70 .0327 
71 - .0115 
72  -.0279 
73 - .0206 
74 -.0119 

3 = 10 x 106 per  

0.0304 
.068 1 
.0597 
.0389 
.0337 
.0185 
.0785 
.0284 - .dl67 
-.0421 - .Ob34 - .0303 



TABLE 8 . -  Continued 

(f) A = -30° 

Orifice Cp at - Orifice Cp at - Cp a t  - Or if  ice 
no. no. no. 

R = 3.3 x 106 per m R = 3.3 x 106 per ml R = 10 x 106 per R I O  x 106 per m 
- 4- 

I :  1 

j 5  
6 

! 7  
8 

~ 1: 
j 11 

, 14 

12 
13 

15 
! 16 

17 

~ 19 
I 20 
' 21 

22 
I 23 

24 
25 
26 
27 
28 

1 18 

31 

j -0.0190 
-.0196 

i .0004 
.0250 
.0434 
.0449 
.0288 
.0090 
.0060 
.0124 

.0142 

.0023 
-. 0039 
-.0118 
1.0213 
-.0174 

! .0037 
.028 1 
.0468 
.0476 
.0314 
.0120 
.0082 

I .0175 

-0.0545 1 1  32 
-.0373 ' 33 
- .0080 

.0224 

.0495 ' 36 

.0624 / I  37 

.0463 " 38 

.Ol48 39 
- .0042 40 

.0101 41  

.0227 42 

.0196  43 

.0073 4 4  
-.0103 45 
- .0436 46 

- .0336 48 
- .0039 ' 49 

.0263 50 

.0538 51 

.0659 52 

.05 16 53 

.0210 54 

: (  34 
1 35 

- .0555 47 

-.0033 55 
I .0133 . ' .0058 56 

.0182  .0215 57 

.0171  .0222  58 

.0065  .0145 59 
- .0027 - .0054  60 

I 
-.0113 -.0419 
-.0217 1 -.0523 

1 -0.0183 
-.0159 
- .0028 

.0131 

.0336 

.0267 

.0232 

.0191 
I .0165 

.0113 

.0029 
-. 0088 ' 
-.0192 
-.0237 

1 

I 
I .0285 

.0320 

- .O 173 - .0003 
.0162 
.0280 
.0344 
.0308 
.0245 
.0196 
.0165 

-0.0396 63 
-.0272 1 1  64 
- .0098 65 

.0127  66 

.0355 1 67 

.0405 ! I  68 
.0394 / '  69 
.0303 
.0243 ' 71 
.0193 
.0178 ) ;  ;; 
.0138 I !  74 
.0045 

I ,  70 

I 

-.0151 1 1  
-.0418 
- .0360 

- .0298 
-.0054 !I 

.0165 ji 

.0331 1 .  

.0439 

.0389 I 

.0288 

.0219 

.0167 
.0144  .0139 , 
.0115  .0103 
.0054 

-.0041 
-.0126 
-.0164 

0 .0389  0.0327 
.0638 I .0610 
.0706 
.0627 I 

.0777 1 

.0681 
.0598  -0672 ! 

.0530 
.0776 .0800 

I 

I .0463 

I , 

! . .  
.0212 - .0255 

-.0467 - .0423 - .0295 
I 

I 

.0210 - .0268 
-.0533 - .0622 -. 0640 

I 

I I 

1 , I I II 



W 
N 

TABLE V. -  Continued 

(9)  A I -450 

1 
2 
3 
4 
5 
6 
7 
8 

10 
9 

11 
12 
13 
14 
15 
16 
17 
18 

20 
19 

21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

-0.0047 
.0143 
.0317 
.0374 
.029 1 
.0158 
.0146 
.0215 
.0308 
.0319 
.0199 
.a154 
.0078 

-. 0064 
-.0211 
-. 0092 
.0140 
.0328 
.0388 
.0330 
.0179 
.0126 
.0151 
.0236 
.0282 
.0215 . o i62 
.0090 

-. 0052 
-.0177 

R = IO x 106 per  m 

.0177 

.0249 

.0389  40 

.0418 

.0155  42 

.oogo 43 - .0088 44 - .0444  45 - .0483  46 
-.0164  47 
.0171 48 
.0399  49 
.0454 50 
.037 1 51 
.0207  52 
.0125  53 
.O 186  54 
.0320 55 
.0331  56 
.0166  57 
.0151  58 
.0004 59 

-.0362  60 -. 0449  61 

+ 
63  0.0249 

.0083 
.0573 

.0102  65 .0b93 
.0274  .0315  66  .0623 
.0413 67 
.0399  .0426 

-.0123 
68 

.0320  .0346 
-.0159 

69 
.0240 

.0565 
.0233  70 

.0209  .02  13  71 ’ ,  -.0341 
- .0005 

.0189 

.0166 
.0213  72  -.0474 
.0206 

.0103  .0149 
-.044l 

74  -.0302 
-.0019  .0019 
-.0152 -. 0280 
- .0272 
-.0319 

- .0537 
- .0489 

-.0151 
.0151 

-.0212 

.0416 
.0154 
.0473 

.0579  .0677 

.0605  .0742 

.0436  .0558 

.0144 

.0273  .0296 
.0123 

.0095  .0051 

.008 1 .0057 

.0038  .0026 
-.0105 

-.0125  -.0127  64 

I 73 

-. 0064 
- .0203 - .Oh47 
-. 0348 - .0629 1 

t 

- .0098  -.0142 - .0308 - .0372 

R = 10 x 106 per  m 

0.0226 
.0220 
.0906 
.0707 - .0055 
-.0097 
.0611 
.0002 

- .0361 
-.0497 - .0505 - .0424 

i 



TABLE V.- Continued 

( h )  A -60' 

Orifice - Cp at - Cp  at - Orifice Cp at - I Orifice 
no. no. 

R = 3.3 x 106 per m 1 R = 10 x 106 per m I R = 3.3 x 106 per m 1 R = 10 x 106 per m ,  R = 3.3 x 106 per m '  R = 10 x 106 per m '  
1 no. 

1 -0.0220  -0.0272  32 j -0.0266  -0.0353 ' 63  0.0091  0.0036 
2 .0028  .0014 33 - .0057  -.0028 ' 64 .0480 

: 4  .0553 .E93 35  .045 1 .0545 66 - .0090 
; 6  .0739 

' 3  .0317  .0331  34 I .0213  .0270 I 65  .0187  .0363 
.0137 

-.0114 
5 .069 1 .0793  36 ' .06  15 I .0758 ~ 67 - .0032 - .0059 

1 .0919  37 1 .059 1 I .0734 I 1 68  .0126  .0064 
7 .0594  .0802  38  .0438 ~ .0548 I 69  .0237  .0248 
8 
9 
10 
1 1  .0036 - .0050  42  .0059  .0068  73  -.0071 
12 
13 
14 -. 0349  -.0751  45 ' - .0280 -.0551 

-.Ol9l 

15 - .0475  -.0634  46 - .0435 
16 

- .0646 
17  -.0014 - .0007  48 - .0039 
18 .0262 .0280 49  .030 1 .0378 

- .0003 
19  .0468  .0522  50  .0556  .0666 
20  .0589  .0688  51  .0679  .0806 
21  .0607  .0740  52  .065 1 .0794 
22 .0494  .0625  53  .0453  .0546 
23  .0396  .0472  54 . .030 1 .0352 
24 .0276  .0292  55  .0172  .Ol90 
25 .0137  .0077  56 ' .0092  .0098 
26  .0068 .0004 57  .0064 .0084 
27  -.0012 - -0073  58 - .0004  .0035 

29 -.0318 - .0685 I ;  60 - .0274 - .0556 
30 -.0451 -. 0657 61 -. 0425 - .0568 
31 - .0297 - .0322  62 -.0237 - .0205 

.0458 .058 1 39  .0295 .0350 70  -.0123 

.0289 .0336 40  .0175 .0190 71 - .0304 

.0106 .0032 41  .0092 .0087 72 -.0257 

-.0134 
- .0305 
-.0272 - .0093 
-.0107 -.0058  -.0161  43  -.0011  .0005  74  -.0113 - .0205 - .0468  44  -.0145 

- .0305 -. 0343  47 -. 0330  -.0350 

28 -. 0328  59  -.0136  -.ole4  -.0156 

w 
W 



TABLE V.-  Concluded 

(i) A = -90° 

; I  -0.0191 
.0096 

3 
4 1  

.0428 

.0685 
5 ;  
6 

.0815 

.0779 
7 
8 

.0542 

.0368 
9 

10 
.0207 
.0080 

11 
12 

.0026 

13 
-.0071 

14 
15 

-. 0365 

16 
-. 0474 

17 
-. 0207 

18 
.0173 
.0510 

19 
20 

.0775 

.OB98 
21 
22 

.OB36 

.0576 
23 
24 

.0392 

.0216 
25 
26 

.0079 

.0034 

28 
27 - .0049 

29 
-. 0202 

30 
-. 0352 
-. 0437 

- .0237 

= I O  x 106 per  m 

-0.0213 
.0104 
.048 2 
.0759 
.0926 
.OB90 

.0387 

.0602 

.0192 

.0058 

.0023 
-. 0044 
- .0342 
-. 0680 
- .0556 
-. 0202 

.0555 

.OB63 

.lo09 

.0962 

.Ob35 

.0410 

.0210 

.0067 

.0047 
- .0023 
-.0312 
- .0657 
-. 0499 

.0213 

31 I -.0115 - .0088 

O r  i f  ice Orifice Cp a t  - Cp a t  - 
no. no. 1 R = 10 x 106 per m - 
32 
33 
3Q 
35 
36 
37 

~ ;: 
40 
4 1  
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 

t 
R = 3.3 x 106 per  m 

-0.0209 
.0062 

.0635 

.0778 

.0734 

.0349 

.0519 

.0196 

.0078 

.0029 
-. 0059 

-. 0367 
- .0230 

- .0504 
- .0277 

.0068 

.0436 

.0719 

.OB29 

.0765 

.0523 

.0344 

.o leo  

.0056 

.0008 
-.0071 - .0227 
- .0358 -. 0466 

I -.0178 

-0.0230 63 0.0349 
.0117 

65  .0450 
64  .0676 

66 .0744 
.0305 
.0300 

.0911 67  .0267 

.0859 68 

.0588  69 
.0366 

.0375 70 

.Ole7 71 

.0057 72 

.0034 73 

-.0314 

- .0323 - .0307 - .0272 
-. 0285 - .0279 
-.0314 - .0029 74 ~ 

-. 0665 
-.0601 

1 
I 

- .0240 
.0143 
.0547 
.0862 
.0990 
.0913 
.0596 
.0373 
.o leo  
.0046 
.0023 

- .0035 
-.0318 
- .0666 
-.0512 
-.0112 

3 = I O  x 106 per m 

0.0308 
.0355 

.028 1 

.0279 

.0209 

.0h07 - .0360 
-.0318 - .0274 
-.0312 - .0271 
-.0354 



TABLE V I . -  PRESSURE COEFFICIENT DATA  AT M, = 4.5, 6 = 12.7 cm, 

AND R = 10 X lo6 PER  METER 

(a) A = Oo 

~~ 

Orifice 
no. 

~" ~ 

. " 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
42 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

cP 
- ." . - 

0.0021 
-.001g 
-.0018 
-.0013 
-.0012 -. 0009 
- .0009 -. 0009 
- .0008 -. 0007 
-.0012 
-.0013 
-.0014 
-.0017 
-.0013 -. 0009 
-.0010 -. 0003 
-.0001 
.0003 
,0005 
.0008 
.0005 
.0004 
.0007 
.0004 
.0005 
.0003 
.oooo 
0000 

* 0000 
.. 

Orif ice 
no. 

32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 

cP 

0.0036 
-.0024 . 
- .0028 -. 0025 
- .0020 
- .0020 
-.0017 
-.0019 
-.0018 
-.0018 
-. 0020 
-.0021 
-.0018 
.0010 

-.0017 
-.0019 
-.0018 
-.0013 
-.0015 
-.0013 
-. 0009 
- .0006 
-. 0009 
-. 0009 -. 0004 
- .ooog 
- .0006 -. 0004 
-. 0004 
- .0004 
- .0006 _" ~ 

~ 

Orifice 
no. 

63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 

" 

cP 

0.0022 
.0210 
.0191 
.0085 
.0016 

.0328 

.0156 

-. 0003 

.0007 
- .0023 
.0030 
.0040 

35 



TABLE VI.- Continued 

(b) A = -50 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

Orif ice  
no. 

~= 

cP 

0.0017 
-. 0024 
-. 0022 
-.0018 
-.0013 
-. 0005 
-.0001 
-.0001 -. 0002 
- .0005 
-.0013 
-.0013 
-.0011 
-.001g 
-.0017 
-.0014 
-.0015 
-.0011 -. 0007 
-.0001 

.0007 

.0014 

.0007 

.0006 

.0002 
-.0001 -. 0003 -. 0006 -. 0008 
-.0010 
-. 0008 

Orifice 
no. 

32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 

_ _ _  

cP 

0.0025 -. 0034 -. 0035 
- .0028 
-.0013 
- .ooog 
-. 0006 
- .0010 
-.0011 
-.0013 
-.001g 

-. 0025 
-.0031 -. 0033 
-. 0035 

- .0022 
-.0015 
- .0006 

.0005 

.0010 

.0003 

.0002 

.0003 
- .0003 
- .0006 
-. 0009 

-.0017 
-.0016 

- .0023 

-. 0032 

-.0013 

. 

Orifice 
no. 

63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 

~ 

cP 

0.0022 
,0194 
.0180 
.oogo 
.0035 
.002 1 
.0309 
.0145 
.0006 

-. 

-.0041 
-.0014 
- .0006 

"- " 



Orif ice 
no. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

cP 

-0,0018 

-. 0058 - .0064 
- .0036 
-.0013 
.0018 
,0032 
.0028 
.001g 
.0003 -. 0002 

- .0007 . 000 1 
- -0030 -. 0047 
- .0055 
-.0061 -. 0049 -. 0028 
.0026 
.004 1 
.0034 
.0024 
.0005 
.0003 -. 0003 

-.0011 
-. 0025 
- .0038 -. 0049 

- .0003 

TABLE VI.- Continued 

( c )  A = -100 

O r i f  ice  
no. 

32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
. .  

cP 
. .- 

0.0001 
- .0055 
- .0047 
- .0026 
- .0004 
.0004 
.0004 
.oooo 
.ooo 1 

- .0007 
-.0012 
- .0021 
-. 0045 
- .0030 
-. 0056 
-. 0057 
-.0051 
- .0029 -. 0007 
.0011 
.0027 
.0027 
.002 1 
.0020 
.0018 
.OOl 0 
.ooo 1 

“001 1 
- .0027 
- -0039 - .0038 

Orif ice 
no. 

63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 

cP 

0.0019 
.0171 
.0176 
.O 107 
.007 1 
.0060 
.0294 
.0135 -. 0002 

- .0070 
-.0071 
- .0062 

37 



TABLE VI.- Continued 

( d )  A = -15O 

Orifice 
no. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11  
12 
13 
I 4  
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

cP 

-0.0062 
-.0101 -. 0070 - .0020 

.0079 

.0089 

.0065 

.0008 
-. 0023 
-.001g 
-. 0024 -. 0035 
-. 0062 

.003  1 

-. 0089 
-.0105 
-.0101 
- .0061 
-.0013 

.0038 

.0082 

.0095 

.007 1 
,0015 -. 0025 

-.0017 -. 0020 -. 0027 
-. 0052 -. 0077 -. 0092 

Or i f  ice  
no. 

32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 

cP 

-0.0013 
- .0062 -. 0042 

.0011 

.0010 

.ooog 

.0010 
,0014 
.0006 

- .0002 
-.0015 
- .0028 

-.0013 

-.0051 -. 0070 
-. 0074 
-. 0058 
-. 0021 

.0006 

.0033 
-0038 
,0039 
.0035 
.0029 
.0017 
.0005 

-.0010 -. 0037 -. 0056 

.0023 

-.0061 
~ 

Orif ice 
no. 

63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 

cP 

0.0023 
-0149 
.0171 
,0137 
-01  18 
-0  106 
.0279 
.0127 

-.0011 
- ,0095 
-.0109 
- .0097 



TABLE VI.- Continued 

Orif  ice 
no. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

cP 

-0.0083 
-.0100 - .0038 
-0046 
.0118 
.0158 
.0119 
.0027 

- .0057 
- .0055 
- .0035 
- .0032 
- .0056 
-. 0079 
-.Ol09 
-.0128 
- -0098 
- .0029 
.0052 
.0125 
.0169 
.0137 
.0045 

- .005 1 
-.0051 
-. 0024 
-.0021 
- .0040 
-. 0069 
- -0099 
-.0113 

O r i f i c e  
no. 

32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 

cP 

-0 .OO 14 
- .0050 -. 0024 
.0008 
.0034 
.0038 
io039 
.0028 
-0032 
.0009 
.oooo 

- .0012 
- .0058 
- .0032 
- .0079 
- .0078 
- .0052 
- .0007 
.0030 
.0056 
.0070 
.0063 
.0044 
.0029 
.002 1 
.0015 
.0005 

-.0014 
-. 0042 
- .0066 
- .0064 

O r i f i c e  
no. 

63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 

cP 

0.0025 
.0126 
.0173 
.0175 
.0164 
.0145 
.0269 
.0124 

-.0017 
- .0109 
-.0125 
-.0118 

39 



TABLE VI.- Continued 

( f )  A = -300 

Orifice 
no. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

T 

L 

cP 

-0.0045 
. 00 12 . 0 122 
.0187 
.0144 
.0025 

-. 0044 
-. 0072 
-.0051 -. 0030 
-. 0038 -. 0061 -. 0064 
-. 0075 
-.0114 -. 0084 

.0027 

.0151 

.0216 

.0176 

.0056 
-. 00 17 -. 0049 -. 0032 
-.0016 
-.0017 -. 0042 
- .0050 
-. 0070 
-.0111 
- .0068 
-~ 

Orifice 
no. 

32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
6.1 
62 

~. .. 

cP 

-0.0035 
- .0033 

.0028 

.0084 

.0121 

.0115 

.0089 
,0060 
.0046 

- .0007 
-. 0024 - .0040 - .0062 -. 0094 

-.0101 
-. 0033 

.0047 

.009  5 

.0110 

.0102 

.007 1 
-0049 
.0033 
,0018 
.0003 

-.0130 

-.0017 -. 0043 
-. 0075 
-.0111 -. 0094 

" .- 

Orifice 
no. 

63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 

cP 

0.0032 
.0099 
.0184 
,0208 
.0079 

.0236 

.0105 

- .0038 

- .0033 
-.0106 
-.0120 
-.0119 

40 



Orif  ice 
no. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

cP 

-0 -00 14 
.0026 . 0 107 
.0166 
.0177 
.0140 
.0076 
.0043 . 000 1 

- .0041 
-. 0058 
- .0076 
-.0103 
-.0155 
-.0140 
- .0053 

.0047 

.0138 

.0197 

.0204 

.0160 

.0082 

.0044 

.OOl 1 -. 0037 
- -0058 -. 0073 
-.0100 
-.0150 
-.0136 -. 0050 

TABLE VI.- Continued 

( g )  A = -450 

Orif ice 
no. 

32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 

cP 

-0.0005 
.0019 
.009 4 
.O 155 
.0186 
-01 49 
.0087 
.004  1 
.0006 

-.0012 
-.0021 
- .0037 
- .006  1 
- .0098 
-.0131 
-.0071 

.0027 

.0133 

.020 1 

.0217 

.0181 

.0106 

.0050 

.0011 
- .0008 
-.0017 
- .0029 
-.0051 
- .0092 
-.0113 -. 0023 

Orifice 
no. 

63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 

cP 

0.0032 
.0096 
.0085 

-.0116 
-.0129 
- .0064 

.0192 

.0069 
- .0026 
- .0073 
- .0058 
-.0014 

41 



.. . 

Orifice 
no. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11  
12 
13 
14  
15 

. 16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

cP 

0.0000 
.0056 
.0162 
.0256 
.0306 
.0268 
.0133 
,0038 

-. 0036 
- .0070 -. 0082 
- -0098 
-.0118 
- .0168 
-.0147 
- .0050 

.0067 

.0182 

.028 1 

.0276 

.0127 

.003 1 

.0322 

-. 0043 
-. 0080 
-. 0086 
- .0097 
-.0112 
-.0168 
-.0141 
-.0018 

TABLE VI.- Continued 

(h) A = -600 

Orifice 
no. 

32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
" 

cP 

0.0037 
.0088 
.Ol84 
.0260 
.0292 
.0236 
.0139 
.0067 
.0008 

- .0023 -. 0034 
- .0047 -. 0068 
-.0116 
-.Oll9 
-.0016 

-0107 
.0234 
.0318 
.033 1 
.0277 
.0161 
.0083 
.0020 

-.0014 
- -0020 -. 0034 - .0052 
-.0109 - .0093 

.0029 

Orif ice  
no. 

63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 

~~ ~ 

- 

cP 

0.0004 
.0088 

-.0102 
- .0083 -. 0026 

.0023 
-0102 
.0036 

-.0019 
.0013 
.0009 

- ,0028 

42 



O r  i f  i c  
no. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

e cP 

0.0025 
.0094 
.0199 
.0279 
.0304 
.0258 
-0148 
.0072 
.0005 -. 0043 -. 0059 

-. 0076 
-.009l 
-.0141 
-.0123 
-.0012 

.0123 

.0235 

.0318 

.0336 

.028 1 

.0159 

.0078 

.0004 -. 0047 
- .0060 -. 0070 - .0084 
-.OIL15 
-.0111 

.0018 

TABLE VI.- Concluded 

( 2 )  A = -900 

Orifice 
no. 

32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 - 

cP 
- 

0.0066 
.0132 
.024 1 
.0330 
-0359 
-0299 
.0174 
.0086 
.oo 10 

- -0045 
- .0060 
- .0072 
- .0088 
"0147 
-.0111 

-001 1 
.0148 
.0289 
.0392 
.0408 
.0340 
.0193 
.0097 
.0011 -. 0047 

- -0059 
- .0067 
-.0081 
-.OI48 
- -0082 

.0054 

Orif ice 
no. 

63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 

~ 

cP 

0.0060 
.0079 
.0033 
.0039 
.0017 
.0078 -. 0077 

- .0059 
-. 0049 
- .0046 -. 0034 
- .0039 

43 



TABLE V I 1 . -  EXPERIMENTAL  HEAT-TRANSFER COEFFICIENTS 

T h e r m o c o u p l e  
no. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

L 

L 

h ,  W/m2-K, a t  - 
-~ 

M, = 2.4 

~ ~~~ 

26.78 
26.78 
26.98 
28.62 
30.46 
31.07 
32.30 
32.70 
31.68 
31.68 
30.46 
28.00 
25.75 
24.94 
25.75 
25.55 
25.35 
25.96 
27.80 
30 .05 
31.07 

32.50 
32.50 
31.68 
30 .28 
28.20 
24.94 
24.94 
26.37 

32 -29 

. ..  .. 

I 62.14 
62.75 
63.57 
68.06 
72.15 
73.79 
75.63 
76.45 
76.45 
75.63 
73.38 
67.25 
60.91 
59.48 
60.50 
62.14 
61.12 
61.52 
66.84 
71.95 
73.79 
75.83 
77.06 
77.06 
75.42 
72.36 
66.84 
58.25 
58.87 
62.34 

R = I O  x 106 per m 

M, = 4.5 
R = IO x 106 per m 

15.53 
15.53 
15.33 
16.35 
18.19 
18.80 
19.83 
20.24 
20.03 
19.62 
18.19 
17.58 
15.94 
15.13 
16.15 
16.35 
16.35 
15.94 

18.60 
19.42 
20.64 
21.05 
20.85 
19.62 
19.83 
17.78 
15.53 

16.56 

17.58 

15-33 

.. 

44 



I 

TABLE V I 1 . -  Continued 

(b) A =.5O 

~. 

Thermocouple 
no. 

. .. . - 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14  
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

. ~. . . . - - - . - . 

h ,  W/m2-K, a t  - 
. .. - 

M, = 2.4 
. 

R = 3.3 x 106 per m 

28.62 
27.19 
25.96 
27.59 
29.64 
30.46 
31.89 
30.66 
32.70 
31.89 
31.68 
29.84 
28.21 
27.19 
27.80 
28.21 
27.39 
25.96 
28.00 
29.84 
31.27 
32.09 
32.50 
32.09 
31.68 
31.48 
30.86 
28.82 
28.62 
29.23 

. .  ~ " 

R = IO  x 106 per  m 

66.43 
63.36 
60.50 
63.57 
69.09 
72.15 
74.81 
75.83 
75.83 
73.79 
71.95 
68.68 
63.77 
63.16 
65.61 
66.63 
61.52 
60.09 
64.39 
69.29 
72.77 
75.42 
74.81 
74.20 
72.97 
72.56 
70.93 
65.82 
67.45 
68.07 

. .  

.. . 

M, = 4.5 
R = I O  x 106 per m 

-~ 

15.13 
13.90 
12.67 
13.90 
15.94 
15.33 
16.97 
17.58 
16.97 
17.58 

18.19 
17.78 
16.66 
16.35 
15.53 
15.33 
13.69 
14.92 
16.35 
16.97 
17.99 
17.99 
17.78 
17.99 
18.60 
18.60 
17.58 
16.35 
16.76 

17.78 



TABLE VI1.- Continued 

( c )  A = IO0 

Thermocouple 
no. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
31 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

t 
h ,  W/m2-K, at - 

~ 

M, = 2.4 

~ 

28.00 
25.35 
23.30 
24.73 
27.19 
28.82 
30.05 
30.46 
31.27 
32.09 
33.32 
31.89 
30.25 
28.62 
28.21 
27.59 
25.14 

24.53 
26.78 
28.21 
29.64 
30.86 
31.89 
32.91 
33.52 
33.73 
30.86 
28.62 
27.39 

23.10 

~ 

~ 

R = I O  x 106 per  m 

64.39 
57.85 
52.53 
55.60 
62.96 
66.23 
69.50 
71.54 
72.97 
74.40 
75.42 
72.77 
67.45 
65.82 
65.41 
63.77 
56.41 
52.53 
55.60 
61.93 
65.20 
70.11 
73.18 
75.83 
78.08 
79.10 
78.29 
70.72 
68.68 
64.18 

M, = 4.5 
R = I O  x 106 pe r  m 

16.57 
13.29 
12.47 
12.06 
14.31 
15.74 
15.13 
15.94 
18.19 
18.40 
21.26 

-21 -26 
19.42 
19.01 
17.78 
16.76 
13.29 
13.29 
12.67 
14.31 
16.15 
16.15 
16.35 
17.99 
19.62 
22.28 
22.89 
21.26 
19.21 
17.99 

4-6 



TABLE V I 1 . -  Continued 

( d )  A 15O 

Thermocouple 
no. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

h ,  W/m2-K, a t  - 
~~ 

M, = 2.4 

R = 3.3 x 106 per m 

28.41 
24.73 
21.46 
22 -89 
26.78 
28.62 
29.23 
30.46 
32.50 
34.34 
36.59 
35.57 
33.11 
30.25 
26.62 
26.98 
24.12 
21.26 
22.48 
26.98 
29.02 
29.84 
30.25 
32 .3O 
34.54 
36.59 
36.79 
32.91 
29.43 
26.78 

R = I O  x 106 per m 
~~ 

68.68 
58.87 
49.46 
49.87 
61.16 
69.50 
76.04 
79.10 
82.37 
84.62 
85.85 
83.80 
75.83 
72.97 
69.29 
66.43 
56.01 
49.26 
49.87 
60.71 
70.72 
77.88 
81.15 
84.01 
87.07 
89.12 
88.91 
78.69 
73.58 
67.45 

1 
M, = 4.5 

R = I O  x 106 per m 

15.94 
12.67 
13.08 
12.67 
13.49 
13.69 
12.47 
13.49 
19.01 
22.08 
24.73 
23.91 
20.03 
19.62 
17.17 
15.53 
13.49 
13.90 
13.49. 
13.69 
14.92 
13.29 
15.13 
19.62 

26.16 
24.53 
21.67 
20.44 
17.58 

23.10 

47 

I 



TABLE V I 1  . - Continued 

(e )  A = 200 

Thermocouple 
no. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

h ,  W/m2-K, a t  - 
.. ~. . ~. . 

M, = 2.4 
~ " - - - - -. . 

R = 3.3 x 106 per m 

30.25 
25.96 
23.91 

. 23.71 
27 - 59 
28.41 
26.98 
30.05 
33.93 
37.20 
40.27 
39.24 
35.16 
33.11 
30.25 
28.82 
24.94 
22.69 
23.30 
27.80 
29.02 
26.37 
29.64 
34.13 
37.61 
40.88 
40.06 
34 - 75 
31.48 
28.62 

~~ ~~ . 

- .  

R = I O  x 106  per m 
. .  

74.61 
64.79 
55.60 
49.87 
59.28 
72 - 36 
79.72 
79.92 
84.42 
88.51 
92.39 
90.34 
82.58 
78.49 
73.38 
69.50 
58.25 
53.55 
48.85 
59.68 
75.22 
82.37 
83.40 
86.87 
91.98 
96.68 
96.89 
85.23 
80.12 
75.83 

M, = 4.5 
R = I O  x 106 pe r  m 

.- 

15.53 
13.69 
15.13 
15.13 
14.10 
14.31 
12.67 
17.78 
24.53 
28.82 
29.43 
26.16 
20.64 
21.05 
17.37 
15-33 
14.72 
15.53 
15.13 
14.92 
14.92 
13.69 
18.80 
25.55 
29.43 
31.89 
27.39 
21.26 

17.58 
20.03 

48 



TABLE VI1.- Continued 

(f) A = 30° 

1 

Thermocouple 
no. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
'11 
12 
13 
14 
95 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

h, W/m2-K, a t  - 
M, = 2.4 

R = 3.3 x 106 per m 

32.91 
30.46 
29.43 
29.84 
32.09 
32 .70 
29.23 
35.97 
43.13 
48.03 
49.87 
45.79 
38.43 
37.41 
32.09 
31 -07 
28.41 
27.80 
28.20 
30.46 
31.89 
29.23 
34.34 
40.68 
44.56 
45.79 
42.11 
35.16 
32.09 
30.86 

R = IO x 106 per  m 

75.01 
67.04 
66.63 
65.82 
65.61 
78.08 
83.60 
82.58 
94.64 

104.86 
107.92 
100.16 
86.67 
83.60 
73 - 79 
69.70 
62.14 
62.55 
60.91 
62.55 
77.26 
83.40 
82.58 
93.62 
98.93 

102.40 
95.45 
81 . I 5  
75.42 
69.70 

- 

M, = 4.5 
R = I O  x 106 per  m 

15.33 
14.10 
14.72 
14.10 
16.97 
14.72 
15.74 
23.51 
30.46 
31.68 
31.07 
26.57 
21.05 
20.64 
15.94 
15.74 
15.33 
15.13 
14.72 
16.56 
15.94 
16.97 
23.71 
28.41 
30.66 
31.48 
27.59 
21.05 
19.01 
17.78 

49 



TABLE VI1.- Continued 

(g) A = 450 

Thermocouple 
no. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

h ,  W/m2-K, a t  - 
M, = 2.4 

R = 3.3 x 106 per  m 

37.41 
31.68 
29.02 
28.21 
30.86 
29.84 
23.91 
37.61 
45.99 
50.90 
53.76 
50.90 
44.15 
41.29 
35.57 
33.73 
29.43 
27.19 
26.98 
28.82 
28.00 

~- 

23.10 
34.54 
43.54 
48.65 
51.51 
50.90 
42.92 
38.43 
35.36 

R = IO x 106 per  m 

80.12 
71.13 
65.41 
64.79 
71.54 
78.90 
65.20 
85.23 
97.91 

106.70 
110 5 8  
106.29 
96.89 
91.57 
82.78 
78.08 
68.68 
64.18 
62.55 
68.06 
75.63 
63.36 
80.33 
95.05 

102.61 
107.11 
106.08 
94.43 
85.03 
77.06 

- ~__  

M, = 4.5 
R = IO x 106 per  m 

17.58 
12.88 
13.49 
13.08 
12.67 
9.20 

12.88 
23.71 
29.64 
34.34 
35.57 
31.27 
23.91 
23.51 
19.62 
16.76 
13.49 
14.51 
12.88 
12.06 
9 -40 

13.08 
23.10 
30.25 
34.34 
36.38 
33.11 
25.75 
22.89 
18.60 

~. 

50 



TABLE VI1 . - Continued 

(h )  A = 600 

Thermocouple 1 
no. 

. .. . 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

.. 

- . .. .. 

h ,  W/m2-K, a t  - 
M, = 2.4 

- . .. ." .. . ".  

_ ~ .  . 

R = 3.3 x 106 per m 
. .  

35.77 
29.64 
28.62 
28.62 
31.68 
28.82 
24.12 
38.84 
49.46 
56.21 
60.09 
56.01 
47.01 
44.15 
37.20 

__ 

27.80 
27.39 
29.84 
26.98 
25.53 
38.63 
48.85 
54.98 
58.46 
55.19 
44.15 
39.04 
33.52 

. .~ . " " " 

R = I O  x 106 per m 

87.69 
77.06 
70.31 
68.68 
74.81 
69.31 
63.98 
85.85 

103.63 
116.10 
123.46 
118.76 
105.47 
100.56 
89.53 
84.42 
73.38 
68.68 
65.20 
72.15 
76.30 
64.79 
86.05 

103.43 
114.05 
121.82 
119.17 
101.59 
90.55 
81.35 

. . . . . - . " 

"~ ~ - - .  . 

M, = 4.5 
R = I O  x 106 per m 

17.17 
13.08 
12.26 
12.06 
11.86 
9.20 

13.08 
23.71 
30.05 
34.75 
36.79 
32.70 
24.73 
23.71 
18.60 
16.15 
12.88 
12.06 
11.65 
11.04 
8.18 

15.53 
24.12 
31.89 
36.59 
39.65 
35.16 
26.78 
21.67 
17.99 
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TABLE VI1.- Concluded 

(i) A = 900 

Thermocouple 
no. t 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

h ,  W/m2-K, a t  - 
. "" ~ ~- . 

M, = 2.4 
- ~. 

R = 3.3 x 106 per m 

39.86 
32 .3O 
28.82 
28.41 
31.89 
27.39 
24.53 
41.70 
52.33 
60.09 
65.41 
61.93 
52.33 
48.44 
41.49 
38.63 
31.68 
29.02 
27.59 
29.84 
26.16 
26.16 
41.90 

60.30 
65.41 
63.77 
51.51 
44.15 
38.84 

" " 
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~~ . 

. . .. . . . . , 

R I O  x 106 per m 

93.21 
80.53 
71.54 
68.47 
77.67 
78.90 
63.16 
90.34 

707.11 
123.05 
134.70 

~ . .  . 

131.22 
115.89 
107.72 
95.25 
89.94 
75.83 
70.52 
65.41 
73.79 
75.63 
65.20 
90.14 

108.33 
122.44 
134.70 
133.68 
113.44 
99.13 
89.32 

M, = 4.5 
R = I O  x 106 per 

" 

21.05 
15.74 
14.31 
13.49 
12.67 
10.63 
15.53 
26.57 
34.54 
39.86 
43.74 
39.24 
30.46 
28.00 
22.48 
20.44 
16.56 
14.10 
13.29 
12.06 
10.02 
16.76 
26.98 
34.95 
41.70 
44.76 
41.70 
30.46 
24.12 
21.05 

~ " 
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L-75-5829 ;T 
Figure 1.- Corrugated  test panel mounted in  circular plate. 
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Figure 2.- Details of corrugated surface model. Dimensions  are 
given  in centimeters. 
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Figure 3.- Instrumentation  for  pressure model. Dimensions are 
given in centimeters. 
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Figure 4.- Instrumentation  for  heat-transfer model. Dimensions are 
given  in  centimeters. 
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Figure  5.- Details of boundary-layer  survey rake. 
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Figure 6.- Typical  total and surface  temperature  histories 
for heat-transfer  tests. 
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Figure  7.- ' I 'yp ica l   boundary- layer   ve loc i ty   d i s t r ibu t ions  on f l a t  s u r f a c e  
in s p l i t t e r   p l a t e  and  tunnel  wall for R = I O  x 106 p e r  meter. 
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(a )  A = Oo. 

Figure  8.- Effect of boundary-layer  thickness on pressure   d i s t r ibu t ions   over   cor ruga ted   sur face .  
R 10 x lo6 per meter; M, = 2.4. Table I g i v e s   p r e s s u r e   o r i f  ice x- loca t ions .  
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(b )  A = 1 5 O .  

Figure 8. - Continued. 



Figure 8.- Continued. 
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Figure 8.- Concluded. 
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F igure  9.- Effects  of  Reynolds number  on p res su re   d i s t r ibu t ions   ove r   co r ruga ted   su r f ace .  
6 = 12.7 cm; M, = 2.4.  Table I g ives   p re s su re   o r i f i ce   x - loca t ions .  
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Figure 9.- Continued. 
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Figure 9. -  Continued. 
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Figure 9.- Concluded. 
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(a>  A = Oo. 

Figure 10.- Ef fec ts   o f  Mach nilmber  on pressure   d i s t r ibu t ions   over   cor ruga ted   sur face .  
6 = 12.7 cm; R = 10 x 106 per meter.  Table I g ives   p re s su re   o r i f i ce   x - loca t ions .  
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(b) h = 15O.  

Figure 10.- Continued. 
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Figure 10.- Continued. 
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Figure 10. - Concluded. 
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Figure 11.- Pressure  drag  coeff ic ients  f o r  cor ruga ted   sur face   as  a function  of  cross-flow  angle. 
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Figure 12.- Hea t ing - ra t e   d i s t r ibu t ions   ove r   co r ruga ted   su r f ace .  6 = 12.7 cm. 
Table I1 gives  thermocouple  x-locations.  
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Figure 12.- Continued. 
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( a >  Average heating  rates. 

Figure 13.- Average  and  peak heating  rates f o r  corrugated  surface a s  a function of cross-flow  angle. 
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Figure 13.- Concluded. 
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F igure  14.- Cor re l a t ion  of maximum hea t ing   f rom  present   s tudy  wi th  
prev ious ly   publ i shed  data using  parameter   f rom  reference 9. 
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Figure  15.- Oil-flow p a t t e r n s   o v e r   c o r r u g a t e d   s u r f a c e .  

R = 10 x IO6 per  meter; 6 = 12.7 cm. 
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